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INTRODUCTION 

 

Airborne contagion particles can easily transport to humans in indoor/outdoor/semi-outdoor environments. 

The infection risk occurs during inhalation, hence the exposure to particle deposition in the respiratory 

system, which causes pulmonary diseases (Naseri et al., 2020). Present research mainly addresses the 

indoor environment to simulate the breathing zone (Kuga et al., 2022; Yoo and Ito, 2022), particle 

deposition in the respiratory tract (Li et al., 2012; Murga et al., 2019; Khoa et al., 2022), and exposure of 

the exhaled contaminants (Li et al., 2022; Motamedi et al., 2022; Bahramian et al., 2023). However, few 

contributions are devoted to outdoor/semi-outdoor environments (Zhang et al., 2020; Yang et al., 2021), 

despite the high infection risk occurring in crowded spaces such as train platforms at peak hours.  

Compared to the indoor environment, the semi-outdoor domains are much more complex in terms of 

atmospheric characteristics, encountering multiple pollution sources and extreme climate conditions. 

Thus, residents are exposed to a high concentration of contaminants during their daily commuting. While 

the studies concerned the indoor environment tend to develop ventilation systems, for the semi-outdoor 

environment, natural ventilation, appropriate social distancing, space consumption, and public design are 

crucial interventions to ensure comprehensive public health. The main objective of this study is to 

investigate the airflow distribution and particle breathing zone in a simplified semi-outdoor environment. 

 

METHODS 

 

The computational fluid dynamics technique (CFD) is employed to predict the airflow patterns and 

breathing zone in the semi-outdoor environment. It has been widely utilized for numerical simulation to 

avoid experimental costs. The computational domain is modeled to represent the simplified semi-outdoor 

environment with the dimension of 30 m length x 30 m width x 15 m height. This study used a computer-

simulated person (CSP) produced by Ito (2016) and validated and verified by Yoo and Ito (2022) to 

simulate the detailed human model. The CSP is placed in the center of the atmospheric domain. Above the 

CSP, a symmetric ceiling is inserted with a distance of 6.4 m length x 6.4 m width to represent the semi-

outdoor environment, such as a bus stop/train platform. The distance from the ground to the lower surface 

of the ceiling is 3 meters height to neglect the solar radiation (See Fig. 1). A realistic nasal cavity is 

integrated into the CSP (See Fig. 2) to mark the nasal openings and to set the steady breathing rate at 18.7 

L/min (equivalent to 1.73 m/s). The boundary condition of the breathing is velocity inlet starting from the 

virtual end of the cavity airway. Fanger’s model is used to set the thermal conditions of the human with 

convection heat and 309.55 kelvin for the skin surface temperature to emphasize the effect of the thermal 

plume. A total of 2.83 million cells is generated via the Polyhedral gridding type with a fine mesh around 

the CSP and coarse mesh in the outer regions to minimize the computational load (See Fig 3).  

The approaching flow is examined in two directions, from the front side (North) and back side (South) of 

the human. The wind speed is produced by the vertical profiles of the streamwise velocity and turbulence 

intensity, similarly conducted by Liu and Niu (2016). The constant airflow temperature is 290.15 kelvin. 

For the setting of particle injection position and generating the probabilistic inhaled particle regions, the 

nasal openings are used as surfaces to release the particles in the external domain by using the reverse 

particle tracking method. The shear stress transport model (SST k-ω turbulence model) is selected as it 

1



showed accurate results in the low velocities compared with the other turbulence models, as proved by Li 

and Ito (2014). The Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm is used to 

solve the Navier–Stokes equations. The spatial discretization setup changed to a second-order upwind for 

the momentum, turbulent Kinetic Energy, dissipation rate, and energy. 

 

 

 
Figure 1. The geometry produced for CFD. (a) the computational domain that represents the semi-outdoor 

environment, and (b) the inserted ceiling above the computer-simulated person (CSP). 
 

   
Figure 2. The human and nasal cavity model. (a) the CSP, (b) facial details with an integrated nasal cavity 

to simulate the breathing airstream, and (c) the nasal cavity and the breathing inlet velocity in the right 

end. 

 

  
Figure 3. The meshing by using the Polyhedral gridding type with 2.83 million cells. (a) a section in the 

center of the whole domain and (b) the region under the ceiling where the CSP is placed. 

 
RESULTS AND DISCUSSION 

 

The results of airflow velocity and distribution around the human (Fig 4) indicate notable changes in wind 

speed and directions close to the CSP due to the impact of the thermal plume and vertical velocity profile 

of the atmospheric boundary conditions. Moreover, the results highlight the probabilistic size of the 

breathing zone in two scenarios of wind directions (front and back airflow) and four different particle 

-a -b 

-a -b -c 

-a -b 
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sizes (1, 5, 50, and 80μm). Remarkably, the wind direction and particle size have an impact on the 

inhalation zone. The gravitational characteristics of the particles (due to the change in diameter) have 

significantly affected the formulation of the breathing region in front of the CSP (See Fig 5). Particles 

with a diameter of 80 µm, which are relatively large, were strongly affected by gravitational settling. As a 

result, many particles that settle down from above the head are inhaled. 

 

  
Figure 4. The airflow velocity magnitude and distribution. (a) velocity contour for the north wind scenario 

and (b) airflow pattern near the CSP. 

   

  
Figure 5. The Probabilistic initial distribution of inhaled particles with a diameter of 80μm by using 

reverse simulation for the north-wind case. Around 0.78 m in front of the face and 0.56 m in height with a 

slop as presented. 

 

CONCLUSIONS 

 

This research simulates airflow patterns and particle breathing zone in semi-outdoor environments such as 

train platforms to identify the probability of infection risk from aerosol contaminants. The breathing zone 

is identified with the highest possible volume due to the applied steady inhalation. Two wind directions 

and four-particle sizes were examined to explore the changes in breathing regions in front and around the 

human. The wind speed is produced by the vertical profiles of the streamwise velocity and turbulence 

intensity to represent the atmospheric boundary conditions. The results indicate changes in wind velocity 

and distribution near the CSP due to the impact of the thermal plume and vertical velocity profile. The 

wind direction and particle size influence the particle breathing zone. Eventually, the findings of this study 

can be employed for developing actions to control the contagion particle exposure, determine the 

appropriate social distancing/space consumption, and enhance natural ventilation in semi-enclosed 

environments.   
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INTRODUCTION 

Atmospheric aerosols affect climate, human health, and visibility (Charlson 
1969; Ramanathan et al., 2001; Apte et al., 2021). Recognizing the 
importance of aerosols, many observations have been conducted since 2000 
in East Asia, where the concentration of the aerosols is high, but observations 
on air quality over the sea are still scarce. Therefore, it is important to 
understand the air quality in the Yellow Sea, which is located between the 
Korean Peninsula and China, to analyze and forecast air quality in the Korean 
Peninsula. As a way to contribute to such effort, in Korea, a ship measurement 
campaign has been carried out annually in the springtime since 2018 under 
the supervision of the National Institute of Meteorological Sciences (NIMS). 

A large proportion of the aerosols in the atmosphere are man-made (Streets 
et al., 2003). However, they can also be formed naturally through a 
phenomenon called new particle formation (NPF), in which initial clusters 
are formed from precursor gases and these clusters subsequently grow into 
larger particles that may act as cloud condensation nuclei (CCN). Therefore, 
NPF events, which can be regarded as a major source of aerosols and CCN, 
have been studied steadily because of such importance. Nevertheless, studies 
on marine NPF events are very scarce, unlike land NPF events that have been 
extensively studied. As an effort to understand marine NPF events, we 
conducted research on NPF events occurred over the Yellow Sea using the 
ship measurement data collected for 4 years (2019-2022). First, an analysis 
was conducted to confirm whether the already known factors that affect NPF 
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events are also found for NPF events occurred over the Yellow Sea. We also 
examined several some parameters closely related to NPF events to compare 
the condition of the Yellow Sea with that of land (e.g., rural and urban sites) 
or other seas (e.g., pacific, Aegean, and Barents). Lastly, back trajectory 
clustering analyses and NPF’s area estimation were also conducted to better 
characterize the NPF events occurred over the Yellow Sea. 

METHODS 

Three instruments, condensation particle counter (CPC), scanning mobility 
particle sizer (SMPS), and cloud condensation nuclei counter (CCNC), were 
installed on the Gisang 1 research vessel during the four consecutive 
campaigns. The aerosol size distributions measured by SMPS were used to 
confirm the occurrence of NPF events according to the classification criteria 
proposed by Kulmala (2012). To estimate NPF event occurrence area, SMPS 
data collected from Anmyeondo (36.54°N, 126.33°E) was also analyzed. If 
NPF occurred both over the Yellow Sea and Anmyeondo, we considered that 
the NPF event occurrence area was the inner area connecting both ends of the 
cruise course during the NPF event and the Anmyeondo site.  

We calculated formation rate (𝐽𝐽𝐷𝐷𝑃𝑃) and growth rate (GR), which are the major 
parameters characterizing the NPF events, using the equations presented by 
Kulmala (2012). Meanwhile, the duration of NPF events is from the start time 
of NPF events to the time at which the growth rate of particles is minimized. 
In addition, we used condensation sink (CS) and coagulation sink (CoagS) as 
the parameters for pre-existing aerosols. Both parameters indicate how much 
vapor or particles at a particular size are removed by pre-existing aerosols and 
were calculated according to the equations presented by Kerminen (2001) and 
Kulmala (2001), respectively. Back trajectory data for clustering analysis was 
calculated using the hybrid single-particle Lagrangian integrated trajectory 
(HYSPLIT) model (Stein, 2015). The contribution of NPF events for CN and 
CCN was calculated by the formula, 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (%) =
𝑁𝑁𝑁𝑁𝑃𝑃𝑁𝑁 𝑒𝑒𝑒𝑒𝑒𝑒−𝑁𝑁𝑁𝑁𝑃𝑃𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑁𝑁𝑁𝑁𝑃𝑃𝑁𝑁 𝑒𝑒𝑒𝑒𝑒𝑒
× 100. 

RESLUTS AND CONCLUSIONS 

For 4 years, NPF events occurred 15 times out of 128 observation days and 
their occurrence areas covered at least 6200 𝑘𝑘𝑚𝑚2 of the Yellow Sea. When 
compared with the studies conducted over other seas, the occurrence 
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frequency of NPF events per month was similar despite the difference in the 
observation season. The average values of formation rate, growth rate, and 
duration of the NPF events were 2.38 ± 1.53 𝑐𝑐𝑚𝑚−3𝑠𝑠−1 , 4.11 ±
2.81 𝑐𝑐𝑚𝑚 ℎ−1, and 6.18 ± 2.87 ℎ, respectively. Formation rate and growth 
rate over the Yellow Sea were higher than those over other seas and ranged 
between the values for rural and urban sites. Meanwhile, FR and GR tended 
to decrease steadily, whereas duration tended to increase steadily. This 
showed that although the concentration of precursor vapor over the Yellow 
Sea tended to decrease in recent years, the Yellow Sea is still a relatively 
polluted sea.  

The NPF events mainly occurred under the meteorological conditions of low 
RH and high solar radiation over the Yellow Sea. This result was consistent 
with some previous studies (Qi et al., 2015; Dada et al., 2017). Also, the NPF 
events mainly occurred under the conditions of low condensation sink and 
coagulation sink. That is, NPF events over the Yellow Sea preferred low pre-
existing aerosol concentrations. Clustering analysis showed that 10 out of 15 
NPF events occurred when air masses came from the Inner Mongolia Plateau. 
Four NPF events occurred when air masses came from Manchuria and one 
NPF event occurred when air masses came from the Korean Peninsula. The 
Inner Mongolia Plateau and Manchuria are continents located to the north of 
the Korean Peninsula and the air masses had low humidity, which made 
favorable conditions for NPF events over the Yellow Sea.  

Finally, due to NPF events, the number concentration of total aerosol and 
nucleation mode particles over the Yellow Sea increased by about 61% 
(numerically 9000 𝑐𝑐𝑚𝑚−3) and 85% (numerically 7000 𝑐𝑐𝑚𝑚−3), respectively. 
In other words, most of the particles formed by NPF events are nucleation 
mode particles. On the other hand, the CCN number concentration increased 
by 27% and 51%, respectively, at supersaturation of 0.2% and 0.6%. The 
increase in CCN number concentration at 0.6% supersaturation was larger 
than that at 0.2% supersaturation, since smaller particles can be activated at 
higher supersaturation. 
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INTRODUCTION 

Southern Ocean (SO) air is amongst the most pristine air anywhere on Earth, 

particularly during winter when the lowest concentrations of cloud 

condensation nuclei (CCN) are observed.  Historically, there has been an on-

going focus on the production of dimethyl sulfide, a precursor gas, as an 

explanation for the observed seasonal cycle in CCN and in support of the 

‘CLAW’ hypothesis (Charlson et al., 1987).  This hypothesis, however, has 

been found to be incomplete, necessitating the study of other processes that 

may help determine the CCN budget (e.g., Quinn and Bates, 2011). 

Coalescence scavenging (drizzle formation) is one such process that may be 

particularly relevant over the SO (Kang et al., 2022), the region of Earth with 

the highest frequency of occurrence of drizzle and light rain. However, the 

impact of wet deposition, which is a direct removal process of aerosols, is 

still poorly understood, particularly over the SO.   

Using a boundary layer cloud climatology based on Himawari-8 observations 

(developed by Lang et al., 2022), CCN observations from Kennaook/Cape 

Grim (KCG) and nearby precipitation observations (Station ID: 

091331_Bureau of Meteorology), for 6 years (2016-2021), we seek to 

quantify the difference in the relationship between cloud morphology and 

precipitation, climatologically, and extend this relationship to CCN 

concentration as observed at Kennaook/Cape Grim (KCG), Tasmania. The 

hypothesis is that “highly pristine conditions/low CCN over the SO are 

associated with periods of relatively high precipitation arising from open 

mesoscale convective cells MCC”.   

METHODS 

For the 17470 hours of data in baseline sector (refers to local wind direction 

between 190–280 degrees and the ambient radon concentration of less than 

150 mBeq.m-3 (Gras & Keywood, 2017)) of KCG, the fractional cloud cover 

(FCC) of open and closed MCC was calculated from the Himawari-8 imagery 

(for more information refer to Lang et al., 2022). Two thresholds were used 

to specify whether a sample was open or closed MCC: 50% was seen as a 

basic requirement while 80% was seen as a predominant requirement. The 

median and the 5th and 95th percentiles of CCN were calculated for the times 

when each cloud class (open or closed MCC) was dominant.  The intensity 

and frequency of precipitation were also calculated for each case. Considering 

different parameters (shown in Fig. 1) demonstrate that the methodology is 

robust. 
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Figure 1. A true colour image of Himawari-8 on 14 January 2016, 00:00 UTC, 

which demonstrate the study area, the baseline sector defined based on different 

radii in green colour, a sample back trajectory in red colour started from KCG and 

also a snapshot of different upwind cloud morphology.    

CONCLUSIONS 

The result illustrates that for each upwind radius and time, the median CCN 

is smaller for open than closed MCC, and the differences are statistically 

significant. consider the 100 km upwind average and 3 hour upwind 

averaging time, gives a median CCN of 68.9 cm-3 from 3285 samples for open 

MCC and 88.6 cm-3 from 1050 samples for closed MCC.  The study further 

shows that the precipitation rate for open MCC (1.72 mm/day) is 6 times 

greater than for closed MCC (0.29 mm/day), and the frequency of 

precipitation is also more frequent during open MCC, occurring 16.7% of the 

time compared to 4.5% for closed MCC. It should be mentioned that this 

inverse relationship between the precipitation and the CCN concentration is 

evident at both seasonal and diurnal scale as well. 

The top right plot in figure 2 shows that the precipitation from closed MCC 

is seen to be drizzle (< 15 mm day-1) rather than rain while the precipitation 

from open MCC exceeds 24 mm day-1 ~1% of the time. Further, open MCC 

has a higher frequency of precipitation at 16.7%, compared with 4.5% for 

closed MCC. Figure 2, left, shows that very clean air with CCN less than 50 

cm-3 is much more common under open MCC than closed MCC, suggesting 
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that smaller CCN are washed out by wet deposition during the heavier rain 

under open MCC.  

 

Figure 2. Probability Density Function (PDF) plot and the accumulated frequency 

for the precipitation (left) and the CCN concentration (right) in open and closed 

MCC conditions for the 100 km upwind radius and 3 hours upwind averaging time 

and 80% FCC threshold. 

To examine whether the CCN concentration is driving the precipitation rate 

through an Albrecht mechanism, or precipitation is driving the CCN 

concentration through wet deposition, we examined their diurnal cycle over 

the summer season. We found that the diurnal cycle in precipitation leads the 

diurnal cycle in CCN by ~3 hours, which contradicts an Albrecht mechanism.  

Wider research suggests that the thinning of these marine boundary layer 

clouds through solar forcing is driving the diurnal cycle of the precipitation 

rate. Further research is necessary to establish to what extent, if any, 

precipitation is driving the CCN concentration.  
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INTRODUCTION 

 

Shading coral reefs to reduce the light stress component contributing to coral bleaching has been well 

demonstrated at very small scale. However cost-effectively deploying shading materials over entire 

individual reefs or even larger areas is very challenging both technically and economically. This study 

investigates replicating natural sea spray with seawater aerosol fog as a scalable technology that can 

quickly and cost effectively deliver square kilometres of shading to reduce solar radiation stress on corals 

during thermal bleaching events. The goal is to use seawater fog generators to provide 15-30 % shading 

which is expected to reduce mortality outcomes in medium level stress events.  

 

Coral bleaching can be intense during ‘doldrum’ conditions when winds speeds drop below 3 ms-1 and 

typically clearer skies cause the water to warm, thermally stratify, and become clearer allowing light to 

penetrate further into the water column. These doldrum conditions are the exact conditions where fogging 

technology can effectively create the densest plume concentrations to shade coral reefs. 

 

Selecting the best aerosol size and quantities of seawater fog to be generated requires key knowledge 

about when corals bleach and under what weather conditions? How does light affect coral and what 

wavelengths should be targeted? It is then necessary to design and develop seawater fog generators with 

the desired aerosol light scattering properties to effectively shade the coral. 

 

 

BACKGROUND 

 

A multidisciplinary range of methods were employed to answer these key questions; a literature review  of 

prior shading research (Tagliafico et al, 2022) was undertaken to guide our analyses to determine the best 

approach in terms of target wavelengths, aerosol droplet diameter, and light attenuation. 

 

 

The coral bleaching literature and recent experiments conducted at SCU indicate that shading up to 30% 

for 4 to 12 hours a day is beneficial can delay the onset of bleaching up to 3.1 Degree Heating Weeks or 

more, however the response varies by coral species. The coral shading literature suggests any shading is 

generally beneficial up to a level of about 75% where low light levels can cause issues. 

 

The key wavelength bands to attenuate are UV-B, UV-A and the blue bands since they cause the most 

damage to coral via a number of mechanisms leading to bleaching and coral mortality in conjunction with 

anomalously high water temperatures.  
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Mie optical modelling of seawater aerosols indicated that particles around 300nm dry diameter offer 

optimum light scattering per unit mass in the desired wavelengths. The seawater droplet diameter target to 

attenuate the desired UV and visible light wavelengths was determined to be an aerosol with diameters 

between 0.5 – 1 µm, which at 80% RH, offers the most efficient attenuation of visible wavelengths.  

 

A technology scan of available fog generator technologies and aerosol laboratory tests identified impact 

pin fog generators as the lowest energy devices that produce large numbers of seawater droplets in the 

target size range. High pressure water is forced through a small orifice, upon exiting the orifice the flow of 

water impacts a pin positioned directly in front of the orifice and is atomized (Chaker et al, 2003). Using 

only high-pressure seawater, the impact pin nozzles are more economically attractive than other spray 

technologies considered due to their lower energy consumption, as well as having lower maintenance 

requirements and easier remote control.  

 

While nozzle industry practice is to typically measure wet droplet size using laser scattering particle 

measurement technologies, atmospheric aerosol measurement techniques were used to measure both the 

micron, sub-micron and nanometre scale particles below the wavelengths of visible light.  

 

METHODS 

 

Aerosol sizing instrumentation was set up on a moveable trolley for ease of switching between tent or 

wind tunnel sampling methods. Aerosol instrumentation included Scanning Electrical Mobility Sizer and 

Mixing Condensation Particle Counter (Brechtel), Aerodynamic Particle Sizer (TSI), Cloud Condensation 

Nuclei Counter and Ultra High Sensitivity Aerosol Spectrometer (Droplet Measurement Technologies), 

DMS500 (Cambustion) with all instruments except for the Cambustion DMS sampling through the 

installed ejector diluter (Dekati). Ambient background total concentrations were also monitored 

throughout the tests.  

 

Impact pin nozzles (MeeFog, OzMist) of different orifice sizes were tested at a wide range of pressures. 

The general trend observed is that increasing pressure increases the performance of the nozzles up to 

approximately 150 Bar, where there is diminishing returns on particles produced per mL of water pumped. 

The largest orifice MeeFog nozzle was selected for field trials due to its high production rate of desired 

droplet sizes.  

 

Initial plume modelling indicates a Prototype nozzle manifold and a multi-pump skid that can pressurize 

500 litres of seawater per minute should adequately shade a median sized reef in low wind conditions. 

Larger reefs will require multiple units arranged across the wind direction to adequately shade larger reefs. 

Changing wind direction will also require mobile deployment methods to effectively cover the reefs 

 

Both simple 2-D Gaussian modelling and more sophisticated 3-D modelling indicate that seawater fog 

systems spraying ~10 litre s-1 or 1015 – 1016 droplets per second of the right size distribution around 300 

nm dry can provide up to 30+ % shading over 2-3 square kilometres in the doldrum low wind conditions. 

Further model refinement and validation will improve these estimates. 

  

FIELD AEROSOL EQUIPMENT AND TRIALS 

 

A Proof of Concept fog cannon device was custom built in Australia by OZmist with 100 Meefog impact 

pin type nozzles. Land trials of the fogging apparatus were conducted in 2021 at Kelvin Grove stadium, on 

the Queensland University of Technology campus (Alroe, 2022). A mast was installed mid-field where 

aerosol number concentration, three-dimensional wind velocity, air temperature and humidity were 

measured at heights of 4 and 8 m, allowing investigation of the vertical depth and uniformity of the plume 

and its impact on local meteorology. Light intensity and aerosol sizing measurements were taken at the 

base of the mast, to verify the expected distribution of aerosol sizes produced by fog cannon, and to 

evaluate the amount of shading generated by the plume. For comparison, the ambient light intensity and 
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meteorological conditions outside the plume were measured at a secondary sampling station located in the 

corner of the sports field, 40 m to the side of the fog cannon. Drones filmed the fog plume development 

inside the semi-enclosed stadium with both High Definition RGB and infrared cameras, allowing 

researchers to study the shape and coverage of the evolving seawater fog. The proof-of-concept device 

produced 5x1013 droplets per second with a peak diameter of ~118 nm dry diameter.  Field evaluation over 

the reefs in February 2022 with a similar equipment set showed a similar emission of droplets up to 16% 

of shading was achieved albeit over a smaller area (~0.5 km).  

 

The Fog Cannon was further developed with a variable speed fan to test the hypothesis that high air flow 

speeds were reducing the plume concentrations and reducing aerosol sizes. Figure 1 from the land trials 

near Coffs Harbour in late 2022 shows a sea water fog plume generated with the modified proof-of-

concept fog cannon and measured with the aerosol equipment on the tower and tent, fifty metres away.  

 

 

 
 

Figure 1., A sea water fog plume generated with the modified proof-of-concept fog cannon and measured 

with the aerosol instruments on the tower and tent, fifty metres away.  

 

 

With the device running at the lowest possible fan speed of 3 ms-1 produced denser fog plumes with 

increased shading from aerosol distributions with a peak dry diameter of ~180 nm.  The current hypothesis 

under investigation is that lower airflows increased local nozzle particle concentrations by an order of 

magnitude which in turn increased the number of aerosol collisions causing agglomeration into larger 

droplets and associated satellite droplets (Chaker et al, 2003). 

 

A 10x scaled-up seawater aerosol system for offshore field work Feb-March 2023 has been constructed 

with a total of 1080 nozzles in a panel of 6 arrays of 1.2 w x 1.6 m high, centre mounted horizontally 

across rear-most part of the spray boat deck.  Custom pump skid filters and pressurizes the seawater to 140 

bar. No fans are used so higher plume concentrations resulting in larger average particle sizes are 

expected. With an increase in the emission rates of at least one order of magnitude, we are optimistic that 

the desired shading rate of 15-30% might be achieved over a meaningful area of a coral reef. (*latest 

available results will be reported at the Conference). 

 

\ 
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CONCLUSIONS 

 

Seawater fogging during doldrum conditions as an intervention to mitigate coral bleaching and mortality 

appears technically feasible. We draw this conclusion based on recent field trials that successfully 

produced seawater fogs with shading to the level coral stress experiments indicate provides protection 

from intermediate levels of thermal stress. 

 

Further technical development of seawater fogging systems will aim to improve efficiency by reducing 

undesired droplet size fractions and reducing overall capital and operating costs. Initial laboratory 

experiments suggest that large scale fogging operations would be more energy efficient with a greater 

number of small orifice nozzles operating at lower pressures. Systems engineering, deployment and 

implementation design will also be required. 

 

To confirm that seawater aerosol fogging will effectively mitigate ecological damage due to coral 

bleaching will require further bleaching stress experiments over a wider range of species, with better 

imitation of natural conditions, and ultimately by on-reef field trials with comparison controls.  
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INTRODUCTION 

New particle formation (NPF) is estimated to be a dominant source of cloud condensation nuclei in the 

central Arctic, thereby it influences climate relevant processes in the region (Gordon et al., 2017). Despite 

recent advancements (Baccarini et al., 2020; Beck et al., 2021), the mechanism of NPF in the central 

Arctic remains elusive and poorly understood. The Multidisciplinary drifting Observatory for the Study of 

Arctic Climate (MOSAiC) expedition, conducted over a full year in the central Arctic, offers a unique 

opportunity to investigate the mechanisms and processes involved in NPF. 

 

METHODS 

In this study, we evaluated NPF mechanisms using a suite of aerosol and gas phase data collected during 

the MOSAiC expedition. We focus on the time between May – Sep 2020, or the time of year when 

elevated nucleation mode aerosol is observed (Fig. 1 from Boyer et al., 2023). The chemical composition 

of growing ion clusters and relevant gas phase precursor concentrations were evaluated. 
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CONCLUSIONS 

 
Figure 1. Monthly median aerosol size distributions from the central Arctic. 

 

Our results identify different chemical mechanisms of NPF occurring at different times of the year. During 

mid-summer (June), we see a much stronger contribution of ammonia in growing clusters, whereas in 

September, ammonia’s contribution is negligible (Fig 2). Such a result suggests that the role of bases is 

underestimated in NPF in the summertime central Arctic atmosphere. Overall, this analysis offers new 

insights on the trace gases participating in NPF and growth to atmospherically relevant sizes and 

highlights the need to consider different particle formation mechanisms during different seasons in the 

central Arctic. 

 

 

(a) 
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Figure 2. Mass defect plots during NPF events from (a) June 21, 2020 and (b) September 12, 2020. 
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INTRODUCTION

We investigated the efficiency of the effervescent atomization technique in generating sea salt aerosol
(SSA) particles to act as cloud condensation nuclei (CCN) for Marine Cloud Brightening. The
data were collected during Jan-Feb 2022 on the RV Magnetic Research Vessel in the Great Bar-
rier Reef (in the vicinity of Broadhurst and Davies Reefs). The CCN supersaturation spectrum
(CCN(S)) for S ranging from 0.1% - 0.7% and aerosol particle size distributions measured for un-
perturbed/perturbed conditions over the Reef were analysed. An adiabatic cloud parcel model was
used to simulate the effect of additional SSA particles on cloud properties, assuming local ther-
modynamic conditions and particle hygroscopicity (κ) of 0.6 (measured in background conditions).
Both models show that the additional SSA particles increase the number concentration of drops
by a factor of ∼ 2-3 at cloud bases (depending on updraft speeds at cloud bases). Compared with
background conditions, the analysed drops have the practical effect of warm rain suppression and
an increase to cloud albedo of about 10-20% at cloud depths of 400 m (a height broadly consistent
with marine stratocumulus observations from the region).

METHODS

A Marine Cloud Brightening (MCB) project has been implemented in The Reef to prevent or
reduce bleaching stress on coral reefs by reducing the amount of incoming solar radiation. Over
GBR, the emission of sea salt particles in the marine boundary layer was performed by sprayers
that convert seawater into droplets that partially evaporate under ambient humidity conditions
to give nano-salty drops. The nozzle type and operating parameters (pressure and flow rates)
used during the procedure, as well as meteorological conditions, determine the concentration and
size of salt particles emitted. Effervescent nozzles rely on mixing high-pressure gas and liquid
seawater to make a large number of tiny droplets, primarily in the nanometer diameter range (dry
salt equivalent size). In our analysis, the average size distributions of aerosol particles and CCN
spectrum measured for background conditions and perturbed conditions produced by effervescent
nozzles are on focus. The cloud microphysical and radiative properties were calculated using two
cloud parcel models with the data collected in the field campaign at Davies Reef (18.83 ◦S, 147.63
◦E).

This study presents the analysis of simulations for measurements performed on February 8, 2022.
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During this day, the SSA particles were sprayed into the atmosphere on board the RV Guardian
Research Vessel. Typically, the aerosol and CCN measurements took place ∼ 1.5 km downwind
on the RV Magnetic Vessel. Figure 1 shows a schematic figure of measurements and the vesselâs
position during the MCB campaign.

The effect of increasing the number concentration of CCN by sprayers using the atomization tech-
nique on the simulated cloud properties is shown in Figure 2. The concentration of CCN increased
by a factor of ∼ 3.5 on average during the spraying period (see Twomey equations (Twomey, 1959)
in figure 2a). Fig. 2b shows that the increase in CCN concentrations leads to larger Nd and smaller
resulting Smax for the same updraft speed. This result is associated with a relatively larger amount
of water vapor consumption by a higher number of activated CCN particles (Twomey, 1974). Fig.
2c shows that the values of re at a cloud depth (Dc) of 400 m (typical thickness of marine stra-
tocumulus) decrease as a function of w. Warm rain (re ≥ 14µm) is expected for most of w in
background conditions. For perturbed cases, warm rain is suppressed when w ≥ 0.2ms−1. The
practical effect of increasing the CCN amount on cloud radiative properties is an increase in the
cloud albedo (as shown in Fig.2d) since the cloud reflectivity increases due to the larger surface
area of droplets in the cloud parcel. Fig. 2d shows that the cloud albedo is ∼ 20% larger for lower
w (≤ 0.4ms−1), when SSA was released and about 10% for w ≥ 0.5ms−1.

Figure 1: Positions of RV Guardian and RV Magnetic vessels during the Marine Cloud Brightening
campaign on Jan-Feb 2022. SSA particles were released during the campaign on board the RV
Guardian while CCN and aerosol, measurements were performed on board the RV Magnetic. The
distance between the vessels was typically about 1.5 km. During spraying time, measurements of
the atmospheric thermodynamic conditions (T, P, RH) above RV Guardian were performed by
drones up to heights of ∼ 1-2 km.
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CONCLUSIONS

This study investigated the effect of additional SSA particles generated by effervescent nozzles
released in the vicinity of Davies and Broadhurst Reefs on simulated cloud microphysical and
radiative properties of clouds. To this end, a cloud parcel model using the CCN spectrum input was
used. Data collected on February 8, 2022, at the RV Magnetic Vessel were used in the analysis. Our
preliminary results show that the additional SSA particles released over the Reef increase droplet
number concentration by a factor of ∼ 2-3 at cloud bases. The practical effect on warm clouds is a
smaller resulting cloud droplet effective radius and larger cloud albedo for cloud depths up to 400
m (∼ 10-20% depending on cloud bases updraft speed) in comparison with background conditions.
Furthermore, the increase in droplet activation leads to warm rain suppression, potentially further
increasing the net cloud albedo.

Figure 2: a) Number of droplet concentrations simulated at the cloud bases as a function of updraft
speed. b) Similar to a) for the maximum supersaturation at cloud bases. c) Cloud droplet effective
radius at 400 m (Dc = 400 m) above Smax level ( cloud base). d) Cloud albedo at Dc = 400 m.
The colors indicate the CCN spectra used in the simulation (shown on the upper left side of panel
a). Blue (red) dots show results for simulations of background (perturbed) conditions. Twomey
equations (Twomey, 1959) are shown in the upper-left corner of Fig.2a
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INTRODUCTION 

 

Measurements of newly formed particles and their gaseous precursors are fundamental to understanding 

the mechanisms of atmospheric nucleation and growth, which require analytical techniques with high 

resolving powers, low limits of detection (LOD), and sufficient temporal resolution. As a new-generation 

technique for online analysis in nucleation studies, Orbitrap Fourier transform (FT) mass spectrometry 

(MS) coupled with chemical ionization (CI) can greatly improve the identification of atmospheric vapors. 

The mass resolving power of a Q Exactive™ Orbitrap MS at a mass-to-charge ratio (m/Q) of 200 Th can 

be in excess of 100,000, whereas the resolving power of time-of-flight based MS rarely exceeds 15,000 

for typical online atmospheric measurements. This high resolving power of the Orbitrap MS indicates a 

promising advantage in the identification of numerous vapors in complex atmospheric conditions (Riva et 

al., 2019), yet it has been compromised by the relatively low sensitivity of the Orbitrap MS to trace 

compounds in complex gaseous mixtures.  

The online detection of trace precursors such as oxidized organic molecules (OOMs) poses a significant 

challenge to the mass spectrometric approaches, as the precursor concentrations are often too low to 

produce signals with sufficient signal-to-noise ratios (SNR) or even to go over the limit of detection 

(LOD). At elevated noise levels, all the reported values tend to deteriorate. The intensity-based correction 

for the Orbitrap MS due to underestimations in inferred concentrations does improve the fidelity of the 

approach (Riva et al., 2020); however, it has no effect on the LOD, and does not address the uncertainties 

in the obtained results due to the corruption of the mass spectra by noise. 

In this study, we aim to optimize the sensitivity of a CI-Orbitrap (Q Exactive Plus). First, we sample gas-

phase OOMs from chamber experiments to investigate different governing parameters, e.g., the number of 

ions in the Orbitrap analyzer via adjusting the auto gain control (AGC) target and the number of 

microscans for signal averaging. Other parameters influencing the sensitivity and the LOD of the spectra 

such as spectral averaging, the temperature of the inlet capillary, radio frequency amplitude of the stacked-

ring ion guide, and the measured mass range, are also investigated. After optimizing these parameters, we 

use the CI-Orbitrap to measure OOMs in the urban atmosphere of Helsinki, Finland. Based on these 

investigations, we give recommendations on the operations of CI-Orbitrap in measuring trace vapors. 

 

METHODS 

 

The data reported in this study were acquired with a research-grade Q Exactive Plus Orbitrap MS (Thermo 

Fisher Scientific Inc.). The mass resolution setting of the Orbitrap at m/Q = 200 Th was 280,000. The 

sample air containing trace vapors such as OOMs entered an Eisele-type CI-inlet. Neutral gas-phase 

OOMs were charged in the inlet using NO3
− and HNO3·NO3

− as reagent ions, which were generated 

from gas-phase HNO3 using a soft X-ray ion source (Figure 1). The Orbitrap was operated in negative ion 

mode. The sampling flow rate (15 L min−1), sheath flow rate (30 L min−1), and voltages for the CI-inlet 

(−144 and − 131 V) were optimized to improve the signal and then kept constant during the experiments. 
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Figure 1. Illustrative schematic of the chemical ionization Orbitrap Fourier transform mass spectrometry. 

The influencing parameters investigated in this study are indicated by the numbers. 

We investigated and optimized the sensitivity of the CI-Orbitrap to the measured OOMs and its 

influencing parameters with chamber experiments, then tested its performance in atmospheric 

measurements. The volume of the chamber was 2 m3 and the total flow rate of clean air entering the 

chamber was 40 L min−1. Background OOM residues composed of C, H, O, and possibly N were used for 

testing the CI-Orbitrap sensitivity for their low and stable concentrations (∼5 × 108 cm−3). To further 

minimize the influence of potential temporal variations of OOM concentrations during the experiments, 

the sensitivity as a function of each influencing parameter was determined twice during the increase 

(upscan) and the decrease (downscan) of the varying parameter. The sampling site for atmospheric 

measurements was located on the fourth floor of the Physicum building on the Kumpula campus of the 

University of Helsinki, Finland. A road with a bus stop is right below the sampling inlet (on the ground 

level). The nearest main road was ∼100 m away. The ambient air was sampled through a 1.2 m long 3/4 

inch Teflon tube. The parameters for the CI-Orbitrap were switched every half an hour between two 

parameter settings when they were tested in atmospheric measurements. 

The raw mass spectra reported by the CI-Orbitrap were analyzed using Orbitool (Cai et al., 2021), which 

was designed for analysis of long-term online atmospheric data sets measured by Orbitrap MS. 

 

RESULTS 

 

Here we mainly focus on the governing parameters for the LOD and the SNR, namely the AGC target and 

the microscan number. Some other influencing parameters can be found in Cai et al. (2022). 

The mean noise of individual spectra decreased almost linearly with an increasing AGC target, which 

determines the number of ions in the Orbitrap analyzer during the detection event. With relatively constant 

OOM concentrations in the chamber, the measured peak intensities generally increased with an increasing 

AGC target. This increase was significant when the SNR for individual spectra was close to one. 

However, a high AGC target may cause some ion losses in the C-trap, which decreased the signal when 

AGC target was raised above 105. We chose 106 as an optimal AGC target for OOMs measurements in 

this study as a balance of improvement of the sensitivity to low signals and the increased ion losses in the 

C-trap. 
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The SNR can be boosted by increasing the number of observations in addition to increasing the AGC 

target. One way to increase the number of observations is to extend the residence time of ions in the 

Orbitrap analyzer, which is known not only to boost the resolution but also the SNR. However, with an 

insufficient number of ions, the ion statistics will not improve significantly. Alternatively, averaging 

multiple microscans addresses the SNR issue as each microscan is an independent FTMS experiment, and 

it is known to be an efficient tool in the analysis, characterization, and sequencing of biological 

macromolecules and their complexes (e.g., Fornelli et al. 2014). 

Spectral averaging can further decrease the noise of the averaged spectra to facilitate the identification of 

the trace OOMs. However, unlike the time domain data, FT mass spectra are strictly non-negative. 

Consequently, averaging FT mass spectra mainly affects the outliers above the noise threshold, which 

does not result in as strong of a de-noising effect as that on the microscan level. 

We further use the measured isotope abundances to indicate the sensitivity of the CI-Orbitrap. Molecules 

with less abundant isotopes (e.g., 13C) are expected to show a lower signal than the value predicted using 

natural abundances (e.g., 13C:12C = 1.12 %) if sensitivity is a function of concentration. As shown in 

Figure 2, the relative abundance of measured isotopic OOMs compared to theoretical isotopic abundance 

does indeed decrease with decreasing intensity, while increasing the AGC target and the microscan 

number improves the sensitivity of CI-Orbitrap for trace compounds. A 50 % sensitivity threshold is 

herein taken as the normalized intensity at which the sensitivity is reduced by half (i.e., the measured 

abundance of an isotope is 50 % of the theoretical abundance). Compared to a setting with AGC target = 

105 and microscan number = 1, increasing the AGC target to 106 and the microscan number to 100 

decreases the 50 % sensitivity threshold from 1.7×10−4 to 3.6×10−6, the latter corresponding to a 

concentration of no higher than 7.2×104 cm−3. 

 
 

Figure 2. The Orbitrap sensitivity (a) and the intensity distribution of measured signal of ambient gaseous 

compounds (b). The horizontal axis is the signal intensity normalized by dividing it by the total intensity 

of the reagent ions ([NO3
−] + [HNO3·NO3

−]). The vertical axis in (a) is the measured abundance of ions 

containing less abundant isotopes divided by the theoretical abundance calculated from the primary peak. 

The frequency in (b) gives the number of all unique peaks in the intensity range and it is characterized by 

the area (rather than height) of each bar. “Primary peak” refers to ions where each atom is the most 

abundant isotope (e.g. 12C, 16O, etc), while all other ions are termed “isotope peaks”. The dashed lines and 

arrows indicate the 50 % sensitivity thresholds for the two different settings. 

The CI-Orbitrap with optimized parameters was used to measure atmospheric OOMs in the city of 

Helsinki from June to July in 2021. As shown in Fig. 3, we detected a total of 935 ions and retrieved their 
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molecular formulae. Most of the detected ions were OOMs, and a large fraction of those OOMs were 

nitrogen-containing OOMs due to the reactions between RO2 radicals and NOx in the urban atmosphere. 

In accordance with the chamber experiments, the signal of trace OOMs measured in the ambient increased 

as the microscan number increased. The measured atmospheric OOM signals emphasize the necessity to 

improve the sensitivity of the CI-Orbitrap. With AGC target = 105 and microscan number = 1, only 12 % 

(129 ions) of the measured peaks were above the 50 % sensitivity threshold. In contrast, by improving the 

sensitivity with AGC target = 106 and microscan number = 100, the fraction of the peaks above the 50 % 

sensitivity threshold was increased to 58 % (644 ions). A scan with a mass resolution setting of 280,000 

takes ~2 min in this study, which meets the demand of most OOM measurements in atmospheric 

conditions.  

 
 

Figure 3. Gaseous compounds measured with CI-Orbitrap in urban Helsinki. Only the peaks with assigned 

molecular formulae are shown. The reagent ion (NO3
−) has not been subtracted from the measured NO3

−- 

clustered ions. The sizes of markers indicate the concentrations of the measured compounds after the 

sensitivity correction. 
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INTRODUCTION 

Marine aerosol is a critical component of the global climate system due to Earth Ocean’s 70% 

coverage. The complexity of marine aerosol in terms of sources, hygroscopicity, state of mixing 

and ultimately cloud condensation nuclei potential necessitates long-term observations at 

globally relevant locations. Western Antarctic Peninsula, embedded in Circumpolar Antarctic 

Circulation, is particularly susceptible to global climate change where aerosol-cloud 

interactions play a key role in mitigating greenhouse gas induced warming. Highly resolved 

aerosol measurements are required to guide climate models and future projections. 

METHODS 

Long-term observations of aerosol concentrations, hygroscopicity, mixing state and cloud 

nucleating potential have been initiated at the King Sejong station off the Western Antarctic 

Peninsula. By utilising hygroscopicity tandem differential mobility analyser (HTDMA) and 

size discriminated cloud condensation nuclei potential (Xu et al., 2021) along with the more 

established aerosol measurements we expand understanding of the overall mixing state of polar 

marine aerosol as well as the anthropogenic impact of the research facilities to the otherwise 

pristine marine environment.  

CONCLUSIONS 

Our results have shown that marine aerosol population over the Western Antarctic Peninsula 

exhibits consistent high degree of external mixing across the size range where distinct chemical 

species coexist independently (Figure 1). There is, however, an internally mixed mode of 

marine organic matter, ammonium sulphate and sea salt most likely arising from cloud 

processing. Combining hygroscopicity measurements with the size segregated cloud 

condensation nuclei measurements further elucidates complexity of marine aerosol population. 

Size segregated particles measurements combined with the total CCN measurements enables 

the inference of the cloud supersaturation by considering characteristic Hoppel minimum. 

Highly resolved aerosol physico-chemical measurements let us estimate the impact of 

anthropogenic emissions from the research bases which can at times be very significant, 

however, clearly discernible, short lasting and contrasted by pristine marine polar aerosol. 
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Figure 1. Deconvolved hygroscopicity distribution of kappa values at 90% relative humidity 

for 35, 50, 75, 110 and 165 nm particles revealing four distinct modes characteristic of marine 

organic matter (peak_1), ubiquitous and dominant ammonium sulphate (peak_2), internal 

mixture of organic matter, sulphate, and sea salt (peak_3) and pure sea salt (peak_4). 

29



 

ACKNOWLEDGEMENTS 

This work was supported by the KOPRI Antarctic Research programme (Project No. PE23030). 

 

REFERENCES 

Xu, W. et al. Seasonal Trends of Aerosol Hygroscopicity and Mixing State in Clean Marine 

and Polluted Continental Air Masses Over the Northeast Atlantic. J. Geophys. Res. Atmos. 

vol.126(11) (2021).  

 

 

30



SIMULATING WINTERTIME OROGRAPHIC CLOUD SEEDING OVER THE SNOWY
MOUNTAINS

S. CHEN1,  L. XUE1, S. TESSENDORF1, T. Chubb2, A. PEACE2, L. ACKERMANN3, A.
GEVORGYAN3,5, Y. HUANG4,6, S. SIEMS3, J. WOLFF1, R. RASMUSSEN1, S. KENYON2, J. SPEIRS2

A.A. AUTHOR1, B.B. BAUTHOR2and C.C. CAUTHOR2

1NCAR, Boulder, Colorado, USA.

2Snowy Hydro Ltd., Cooma, NSW, Australia.

3Monash University, Melbourne, Victoria, Australia.

4University of Melbourne, Melbourne, Victoria, Australia

5Hydrometeorology and Monitoring Center, Climate Service Division, Yerevan, Armenia

6Australian Research Council (ARC) Centre of Excellence for Climate Extremes, Melbourne, Victoria,

Australia

Keywords: Cloud Seeding, WRF-WxMod, Orographic Clouds, Snowy Mountains.

ABSTRACT

This study presents the first numerical simulations of glaciogenic cloud seeding over the Snowy
Mountains, Australia using the WRF-WxMod® model. WRF-WxMod is a novel glaciogenic cloud
seeding model that can track the evolution of silver iodide (AgI) nuclei in clouds, precipitation, and clear
air over complex terrain, and can be utilized to simulate and quantify the cloud response to winter
orographic seeding.

Three winter orographic seeding cases during the 2018 seeding periods were simulated and validated
against the intensive observation campaign data. Model-observation comparisons show that the model
realistically represents the cloud structures, liquid water path, and precipitation, with the sensitivity of
the results to different model configurations and large-scale meteorology being tested. The results
reveal that the nucleation of AgI particles and the seeding impact on precipitation are sensitive to
aerosol concentrations, initial/boundary condition datasets, ice nucleation schemes, and large-scale
meteorology.
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In particular, we found that model sensitivities are not consistent across all three cases, and no single
optimized model configuration was found to best represent all cases. Therefore, an ensemble approach
is needed in the future to better assess the seeding impact. This study provides valuable insights into
the complex interactions between seeding, meteorology, and cloud microphysics, highlighting the
significance of accounting for model uncertainties when evaluating the seeding impact of past cases
and planning for future seeding operations.
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ABSTRACT

The simulation of ice growth in mixed-phase clouds is always a challenging task in cloud and weather
models due to a poor understanding of the microphysical processes at fine scales (<< 100 m).
Lagrangian-particle-based direct numerical simulations (DNS) offer a solution to fill the knowledge gap at
fine scales by accurately resolving turbulence and particle trajectories.

This presentation introduces a mixed-phase DNS model, and the model is used to study the impact of
turbulence and environmental conditions on ice growth and the potential mechanism of efficient ice
growth in cloud-top generating cells (GCs). GCs are fine-scale features frequently observed in winter
orographic clouds, midlatitude cyclones, and mixed-phase clouds in the southern ocean. They are
hypothesized to provide favorable conditions for the formation and growth of natural ice, which is
crucial for precipitation formation in mixed-phase clouds.

We performed a set of DNS experiments to examine the favorable conditions for ice growth. The
influential factors such as relative humidity (RH), liquid water content (LWC), ice number
concentration, vertical motions, and turbulent fluctuations are investigated. Measurements from the
SNOWIE (Seeded and Natural Orographic Wintertime Clouds: The Idaho Experiment) campaign
were utilized to set up the critical initial conditions that resemble those inside and outside GCs.
Results show that GCs with high LWC or high RH are critical to maintaining effective ice growth. The
study also found that supersaturation fluctuations substantially broaden the size spectra, which can
affect the subsequent size spectral tail development and thus accelerate the formation of precipitating
hydrometeors.

33



High Number Concentration of Atmospheric Sub-3 nm Particles in Polluted 
Environment of East China: three years’ Observation at SORPES Station 

Liangduo Chen1, X. Qi1, 2 *, G. Niu1, Y. Li1, C. Liu1, S. Lai1, Y. Liu1, 2, W. Nie1, 2, C. Yan1, 2, J. 
Wang1, 2, X. Chi1, 2, P. Paasonen3, K. Lehtipalo3, V. Kerminen3, T. Petäjä3, M. Kulmala3, and 

A. Ding1, 2 

1Joint International Research Laboratory of Atmospheric and Earth System Sciences, School of 

Atmospheric Sciences, Nanjing University, Nanjing, China. 
2Jiangsu Provincial Collaborative Innovation Center for Climate Change, Nanjing University, Nanjing, 

China. 
3Institute for Atmospheric and Earth Systems Research/Physics, Faculty of Science, University of 

Helsinki, Helsinki, Finland. 

 
Keywords: sub-3 nm particles, new particle formation, primary emission 

 
INTRODUCTION 

 
Atmospheric aerosols are of great concern due to their impacts on human health, visibility, and 
climate (Wu et al., 2019; Atkinson et al., 2014; Chen et al., 2016). New particle formation 
(NPF), proceeding via gas-to-particle conversion to form sub-3 nm particles and subsequently 
grow to large size, is a worldwide phenomenon (Nieminen et al., 2018). NPF is one of the main 
sources of atmospheric aerosols and cloud condensation nuclei (CCN) in the global atmosphere, 
thus influencing the Earth’s radiative balance (Kulmala et al., 2004; Lee et al., 2019). In order 
to understand the gas-to-particle conversion and initial growth of NPF, the in-situ observation 
of sub-3 nm particles are essential. 
In urban areas, in addition to NPF, primary emissions are one of the significant sources of sub-
3 nm particles (Ronkko et al., 2017). In some instances, their contribution can be equal to, or 
even greater than, that from NPF(Olin et al., 2020). High concentrations of sub-3 nm particles 
have been reported in several studies conducted in megacities of eastern China. Nevertheless, 
a comprehensive understanding of the overall characteristics of sub-3 nm particles in polluted 
environments remains elusive due to the lack of long-term in situ observations, and the sources 
and contribution of sub-3nm particle populations are not well quantified. 
This work conducted a three-year measurement of particle number size distribution down to 1 
nm particles from 2018 to 2020 in the YRD region of eastern China. The sulfuric acid in each 
season was observed during the intensive observation campaign, and other supporting 
atmospheric parameters were simultaneously observed. This work aims to investigate the 
general characteristics of sub-3 nm particles in polluted environments of eastern China, the 
sources of sub-3 nm particles, including the characteristics of NPF events and primary 
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emissions, and the contribution of primary emissions and NPF to sub-3 nm particles and their 
synergetic effects. 
 

METHODS 
Field measurements were conducted at Station for Observing Regional Processes of the Earth 
System (SORPES) (118°57′10″E, 32°07′14″N), located in the west of the Yangtze River Delta, 
East China. A nano-Condensation Nucleus Counter (nCNC, Airmodus A11) system was used 
to observe the size distribution of sub-3 nm particles. This system consists of two major parts: 
A Butanol Condensable Particle Counter (bCPC, Airmodus A20) and a Particle Size Magnifier 
(PSM, Airmodus A10).  
The nitrate-based Chemical Ionization Atmospheric Pressure interface Time-of-Flight mass 
spectrometer (nitrate CI-APi-ToF, Aerodyne Research Inc., and Tofwerk AG) was used to 
measure the concentration of sulfate acid (SA). The meteorological conditions (e.g., solar 
radiation, temperature, relative humidity, wind speed, and wind direction) were observed by 
meteorology sensors and radiometers (e.g., a weather station and 4 component net radiometer; 
Campbell) at the height of 9 m; trace gases (e.g., O3, SO2, NO, NO2, and CO); and PM2.5 were 
simultaneously observed at SORPES.  
 

RESULTS AND CONCLUSIONS 
In this study, we present observations of a high concentration of sub-3 nm particles in eastern 
China, with magnitudes ranging from 103 to 105 cm-3, which is approximately two orders of 
magnitude higher than that observed in the boreal forest environment, specifically Hyytiälä, 
where the median sub-3 nm particle concentration was approximately 4×102 cm-3(Sulo et al., 
2021). Figure 1a shows the diurnal variation of sub-3 nm particle concentration, with the 
highest concentration occurring at noon when the photochemical formation is most intense. 
During nighttime sub-3 nm particle concentration still reaches 104 cm-3, when primary 
emissions can be the dominant source. Additionally, seasonal variations of sub-3 nm particle 
concentration were observed, with higher concentrations occurring in spring and autumn, due 
to the higher frequency of NPF events. 
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Figure 1. (a) Median diurnal variation of sub-3 nm particle concentration (solid line) and the 
number concentration in the size range from 6 nm to 25 nm (dashed line). The seasonal cycle 
of sub-3 nm particle concentration in (b) the whole day (00:00-24:00 L.T.) (c) daytime (09:00-
15:00 L.T.), (d) nighttime (21:00-03:00 L.T.).  
 
Primary emission and secondary formation were found as two major sources of sub-3 nm 
particles by analyzing daytime and nighttime separately. To quantify the contribution of these 
sources, SA and NOx concentration were used as tracers for indicating the strength of the 
secondary formation and primary emission, respectively. The sub-3 nm particle concentration 
was estimated using multiple linear regression, as illustrated in Fig.2a. The results showed that 
in addition to the secondary formation, primary emission is surprisingly an unneglectable 
contributor to sub-3 nm particles. As indicated in Fig.2b-d, the contribution of primary 
emissions was found to be up to 13% on NPF days and 50% on non-NPF days during the 
daytime, and up to 70% during nighttime. Our study also highlights the significance of 
measuring the smallest particles in the atmosphere and stresses the importance of considering 
the primary source of sub-3 nm particles in regional and global air quality models for areas 
affected by anthropogenic pollution. 

 
Figure 2. (a) Estimated sub-3 nm particle concentration versus measured data, the proportion 
of sub-3 nm particles from primary emission and secondary formation at (b) NPF day daytime, 
(c) Non-NPF day daytime, and (d) nighttime. 
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INTRODUCTION 

With the continuous growth of air traffic and aviation activities, the impacts of aviation emitted 

particulate and gaseous pollutants on airport local air quality and global climate have received much 

attention within the international research community (ICAO, 2023; Schumann, 2021). As almost the only 

anthropogenic emission source at cruise altitudes, aviation emissions can cause positive global radiative 

forcing through contrails and induced cirrus, even greater than aviation CO2 emissions (Schumann, 2021; 

Schumann, 2013; Kärcher, 2018; Fahey, 1999; Kärcher, 2018; Kärcher, 2015). However, current estimate 

or models are still suffering several uncertainties including: 1) as the important input parameters for 

contrail prediction model, the aviation emission inventory is normally based on the planned flight data 

with the assumption of the great-circle route, while the actual flight route could be quite different from the 

great-circle route. In addition, fuel flow rate of the aircraft at cruise is considered to be constant, but the 

actual fuel flow rate of aircraft may deviate from the designed value at times; 2) most of the current 

contrail prediction models are developed based on the Schmidt-Appleman criterion, which is based on 

thermodynamic theory and does not consider the influence of aviation nvPM emissions. This assumption 

could also bring uncertainty to the prediction of contrails; 3) the ambient air parameters (e.g. temperature, 

humidity, pressure, wind etc.) used in the prediction of contrail formation are mostly come from 

meteorological satellite data. The low spatial resolution and poor accuracy of meteorological satellite data 

may inevitably bring great uncertainty to contrail prediction. In this study, we used the real flight data to 

calculate flight trajectory, fuel consumption, on-board meteorological parameters, and combined the latest 

AI-based aviation emission index prediction model to calculate global aviation emission inventory, so as 

to eliminate the aforementioned uncertainties. Furthermore, the Schidt-Appleman criterion was verified by 

using the experimental data of cloud wake simulation in a high-altitude simulation chamber, to justify the 

accuracy of the contrails prediction model. The purpose of this study is to provide experimental and 

theoretical supports for accurate assessment of the impact of aviation emissions on climate change. 

 

METHODS 

This study use the latest predictive model of aviation non-volatile particulate matter (nvPM) 

emissions, called APMEP-CNN (Ge et al, 2022), and the real flight data obtained from Quick Access 

Record (QAR), to predict aviation emission inventory with high accuracy. QAR means quick access 

recorder, which is an important data collection equipment for civil aircraft. It can record a large number of 

parameters in the aircraft operation, including crew operation, aircraft status, engine status, fuel 

consumption, environment parameters around the aircraft, etc. The model is established with data sets 

from the newly published aviation emission databank and measurement results from several field studies 

on the ground and during cruise operation. The model also takes the influence of sustainable aviation fuels 

(SAFs) on nvPM emissions into account by considering fuel properties. At present, based on the APMEP-

CNN, the ICAO, 2021 Aircraft Engine Emissions Databank (EEDB) (ICAO, 2021), and the global 

scheduled flight dataset in 2005, we predicted the nvPM number emission inventory in 2005 as shown in 

Figure 1. In addition, based on the Schidt-Appleman criterion, emission index, engine emission data, 

meteorological satellite data, and the global scheduled flight dataset in 2005, we predicted the number 

distribution of contrail formation in 2005 as shown in Figure 2. This study is still ongoing, and we will 
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combine the real flight data to further improve the prediction accuracy of aviation emission inventory and 

contrail formation 

 
Figure 1. The prediction of nvPM number emission inventory in 2005 by using the APMEP-CNN, the 

ICAO, 2021 EEDB (ICAO, 2021), and the global scheduled flight dataset in 2005. 

 
Figure 2. The number distribution of contrail formation in 2005 by using the Schidt-Appleman criterion, 

emission index, engine emission data, meteorological satellite data, and the global scheduled flight dataset 

in 2005. 

 

CONCLUSIONS 

Some preliminary conclusions are as follows: 

In conclusion, With the newly published APMEP-CNN, a new prediction of nvPM number emission 

inventory in 2005 was proposed. The calculation results show that the nvPM number emissions at cruise 

phase accounts for 76.7% of the total number emissions. According to the prediction of contrail formation 

in 2005, the contrails was mainly generated in the northern hemisphere, where air traffic was large, 

especially in North America, western Europe and eastern Asia. In the future, with the real flight data, we 

will further improve the prediction accuracy of aviation emission inventory and contrail formation. 

 

ACKNOWLEDGEMENTS 

 

This work was supported by Zhejiang Provincial Natural Science Foundation of China under Grant No. 

LQ23E060007. 

 

REFERENCES 

 

ICAO. (2023). Economic Impacts of COVID-19 on Civil Aviation. 

https://www.icao.int/sustainability/Pages/Economic-Impacts-of-COVID-19.aspx. 

Schumann, U., and Bugliaro, L. et al. (2021). Aviation contrail cirrus and radiative forcing over Europe 

during 6 months of COVID‐19. Geophysical research letters 48(8), e2021GL092771. 

39



ICNAA2023 abstract instructions and template 
Please read carefully -  the text contains instructions for abstract preparation 

Schumann, U., and Graf, K. (2013). Aviation‐induced cirrus and radiation changes at diurnal timescales. 

Journal of Geophysical Research: Atmospheres 118(5), 2404-2421. 

Fahey, D.W. and Schumann, U. (1999). Aviation-produced aerosols and cloudiness. In Aviation and the 

Global Atmosphere. A Special Report of IPCC Working Groups I and III. Intergovernmental Panel on 

Climate Change (ed. Penner, J.E.), (Cambridge University Press, Cambridge, U.K.). 

Kärcher, B. (2018). Formation and radiative forcing of contrail cirrus. Nature communications 9(1): 1-17. 

Kärcher, B. and Burkhardt, U. et al. (2015). The microphysical pathway to contrail formation. Journal of 

Geophysical Research: Atmospheres 120(15): 7893-7927. 

ICAO, 2021. EASA ICAO Engine Emissions Databank. The European Union Aviation Safety Agency. 

Ge, F.D. and Yu, Z.H. et al. (2022). Predicting aviation non-volatile particulate matter emissions at cruise 

via convolutional neural network. Science of the Total Environment 850, 158089. 
 

40



Particle size distributions and semi-VOC analysis of a miniature aero-engine 

LEI LIU
1
, ZHIRONG LIANG

1
, LONGFEI CHEN

1,2
, 

 
1
Beihang Hangzhou Innovation Institute Yuhang, Hangzhou, 310023, China.  

 
2
School of Energy and Power Engineering, Beihang University, Beijing, 100191, China. 

 

 

Keywords:  Miniature aero-engine, Emission characterization, Particle size distribution, VOC, GC-MS. 

 

 

INTRODUCTION 

 

Aircraft emit both particulate and gaseous emissions (Unal et al., 2005; Hudda et al., 2014). The global-

scale impacts of civil aviation are heavily debated and are principally attributed to the climate forcing of 

exhausts emitted at cruising altitudes. In the lower troposphere, civil aviation has more local effects on the 

deterioration of air quality and thus human exposure and health due to airport operations (Masiol et al., 

2016). Recent studies have demonstrated that aviation emissions can increase particle number (PN) 

concentrations for long distances downwind from runways (Hudda et al., 2014; Keuken et al., 2015). 

Especially, the impacts of aviation emissions on the ground-level ambient ultrafine particle (UFP; 

aerodynamic diameter < 100 nm) concentrations were found to extend over unexpectedly large areas near 

airports and in particular along flight paths (Stacey, B., 2019). Besides, Miracolo et al. (2011) found that 

the aging of aircraft semi-VOCs produced substantial amounts of secondary aerosol exceeding primary 

emissions severalfold.  

Although many studies have been conducted to analyze the particle size distributions and semi-VOC 

speciation of aviation emissions, most of them have been limited to ambient observations within a few 

hundred meters of airports or were measured in individually intercepted plumes, primarily from takeoffs 

or idling. In addition, the high background concentrations of atmospheric particles from other sources (i.e., 

vehicular emission, coal combustion, industrial activities) may significantly interfere with the 

measurement of particle size distributions from aircraft in the airport.  

In this study, we built a miniature aero-engine mimicking CMF56 in lab scale, which could simulate 

aircraft emissions under various operating conditions. Therefore, we can directly measure the particle size 

distributions and chemical compositions of semi-VOCs of aircraft emissions by eliminating the influence 

of external factors. Both the gaseous and particulate semi-VOCs including n-alkanes, cyclic alkanes, 

ketones, aldehydes, PAHs can be characterized using the high-resolution GCxGC/MS methodology. Their 

relationships with the nucleation mode and accumulation mode particulate matter (PM) emissisions are 

identified for revealing the compositional particulate structures. Besides, various fuels including kerosene, 

and bio-get fuels towards carbon neutrality can be burned in this engine to examine the impact of 

sustainable aviation fuels on emissions. We mainly focus on the effectiveness of alternative fuel on 

varying the particulate size distributions with compositional variations, which would be further resolved in 

combination with comprehensive morphological analysis. This can help us better estimate the local and 

global influence of aircraft emissions on the climate and human health. 

 

 

METHODS 

 

Exhaust measurements were conducted to characterize the particle size distributions and the semi-VOC 

speciation from the self-built miniature CFM56 variant turbofan (Figure 1) in the lab. The test engine was 

operated at several engine loads, selected to represent aircraft activities during a typical landing–take-off 

(LTO) cycle and the cruising condition. The turbine engine exhaust was sampled by a multi-point probe 

with an inner diameter of 8 mm, located 0.7m downstream of the engine exit plane. The particle size 

distributions under different conditions were measured by a fast particulate analyzer (DMS500, 

Cambustion Ltd., UK) with signal acquisition frequency of 10 Hz, which could realize transient 

measurements. The DMS500 system as supplied for engine sampling incorporates two stages of dilution. 
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During the measurements, the 1
st
 stage dilution factor was set to 5 by using dry compressed air to avoid 

condensation. The 2
nd

 dilution stage uses a rotating disc to provide a variable dilution factor which may be 

varied to maintain good signal to noise ratio, while minimizing the cleaning requirements. In this study, 

the 2
nd

 stage dilution factor was set to 70. 

 

A two-dimensional Gas Chromatography-Time of Flight Mass Spectrometry (GCxGC-ToF-MS, Figure 2) 

was adopted to characterize the gaseous and particulate semi-VOC emissions including aliphatics, 

aromatics, ketones, aldehydes etc from the aero-engine emissions. The initial samples were analyzed using 

gas chromatography (GC, 7890 B, Agilent Technologies, USA) which was equipped with a Zoex ZX 2 

cryogenic modulator (Houston, TX, USA). The first dimension was comprised of a SGE DBX5, non-polar 

capillary column (5% phenyl polysilphenylene-siloxane) and it was equipped within the primary oven. 

The secondary dimension polar column was equipped with a SGE DBX50 (50% phenyl polysilphenylene-

siloxane), which was arranged in an internal oven. Both dimensions were adopted to attain better 

compositional separation.  

 

 
Figure 1. Photo of the miniature aero-engine in the lab. 

 

 

Figure 2. The eluting semi-VOC distributions interpreted by multi-dimensional GC/MS technique. 

 

 

CONCLUSIONS 

 

Our experiment is still ongoing, only some preliminary results are presented here. Figure 3 shows the 

particle size distributions under different thrust conditions using the kerosene fuel. Furthermore, we 

calculate the variations in the geometric mean diameter (GMD) and total particle concentration as a 

function of thrust as shown in Figure 4a and b. Moreover, the semi-VOCs were preliminarily speciated 

using the  multi-dimensional GC/MS technique. 

42



Particle size distributions and semi-VOC analysis of a miniature aero-engine 

 
Figure 3. Particle size distributions at different engine thrust. 

 

 
Figure 4. Variations in geometric mean diameter (a) and total particle concentration (b) as a function of thrust. 

 

In summary, we can conclude that within the measurement range, when the relative thrust is less than 20%, 

particulate matter GMD gradually decreases with the increase of thrust, which is caused by an increase in 

the air-fuel ratio resulting in fuller fuel combustion. When the relative thrust is higher than 20%, the GMD 

increases with the increase of thrust. With the increase of engine thrust, the total particle concentration 

decreases firstly and then gradually increases. It should be noted that the GMD of particles emitted by 

aviation turbofan engines represented by CFM56 is usually within the range of 30-100 nm, while the 

GMD of particles emitted by the self-built miniature engine measured during the experiment is between 

80-130 nm. This is because the combustion efficiency of the engine used in the experiment is lower than 

that of the civil aviation turbofan engine, fuel combustion is insufficient, and the existence of semi-volatile 

substances leads to higher GMD. 
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INTRODUCTION 

Air pollution is a major environmental problem in China due to its adverse effects on human health (Cai, 

W. et al). With the decrease of sulfur dioxide (SO2) in the Atmosphere, sulfate in particulate matter begins 

to decrease, while the proportion of nitrate gradually increases (Zhou et al., 2022; Xie et al., 2022). High 

concentrations of NO3
− will contribute to the formation of haze and reduce visibility (Hu et al., 2021; Xie et 

al., 2020). Therefore, it is important to understand the mechanism of nitrate formation for PM2.5 reduction 

and air pollution mitigation in China. 

It is well known that there are two main production ways of nitrate formation: one is that nitrogen dioxide 

(NO2) reacts with hydroxyl radicals (OH) to form nitric acid (HNO3), which can react with ammonia and 

contribute to pNO3
-
 in the daytime. Another is nocturnal chemistry reaction that heterogeneous reaction of 

N2O5 on aerosol (Chen et al., 2020; Fan et al., 2021). And then N2O5 can produce nitryl chloride (ClNO2) 

on chloride-containing aerosols, which can be photolyzed into NO2 and atomic chlorine (Cl) after sunrise, 

resulting in significant impacts on daytime photochemistry (Simpson et al., 2015; Tham et al., 2018; Xia et 

al., 2021). It shows that N2O5 and ClNO2 have important roles in nitrate production and atmospheric 

oxidation, respectively (Thornton et al., 2010; Wang et al., 2016). 

Observations of N2O5 and ClNO2 in the troposphere have been reported worldwide, mostly in North 

America (Osthoff et al., 2008; Thornton et al., 2010; Mielke et al., 2013; Kim et al., 2014; Mielke et al., 

2016), Europe (Phillips et al., 2012; Bannan et al., 2015), and China (Tham et al., 2014; Tham et al., 2016; 

Wang et al., 2016, Wang et al., 2017, Wang et al., 2020, Xia et al., 2019, Xia et al., 2021).These studies 

have shown that they are widely distributed in the troposphere of which concentrations ranging from a few 

hundred ppt to several ppb.  

From the above, N2O5 are strongly influenced by meteorological conditions and precursors such as 

temperature, relative humidity, NOx, O3, etc. This variance will be more noticeable in different seasons. 

many studies have proved that the lower temperature and dark environment facilitates the occurrence of 

nocturnal chemistry during winter (Wagner et al., 2013). Meanwhile, nocturnal nitrate formation was 

comparable to or even higher than that formed via the daytime pathway (Wang et al., 2017; Wang et al., 

2019; Alexander et al., 2020). For example, the heterogeneous reaction of N2O5 is the main nocturnal NO3
− 

formation in winter, with contributions of 44%~97% at night (Fu et al., 2020; He et al., 2018). Li et al. 

(2021) reported that the nighttime pathway can account for 40% in cold seasons in the YRD. And in the 

NCP, the nitrate contribution of heterogeneous pathways was about 30.8 % (Liu et al., 2020). This shows 

that diverse regional conditions can lead to discrepancy in nocturnal chemical reactions and in turn lead to 

differences in nitrate formation. However, intensive seasonal measurements about N2O5 in china, to our 

knowledge, have not been performed so far. More detailed studies are needed to broaden our knowledge of 
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their seasonal behavior, and variation in different chemical conditions especially in polluted metropolis such 

as Beijing.  

In this study, long-term observations of N2O5 were performed in four seasons in urban Beijing. It aims 

to obtain a comprehensive understanding of the seasonal variations in the nocturnal chemistry as well as the 

key precursors, and chemical pathways in Beijing. And it can provide a scientific basis for designing 

effective emissions policy implications to control the urgent fine particulate pollution in the NCP region. 
 

METHODS 

Field observations 
Sampling site description 

The measurements were conducted carried out at Aerosol andHaze Laboratory, Beijing University of 

Chemical Technology (AHL/BUCT Station, 39o56’31” N, 116o17’50” E) from October 1, 2021, to March 

16, 2022 and June 6, 2022, to September 30, 2022. All instruments were on the rooftop of the corresponding 

main teaching building (~18 m above the ground surface). The station is a typical urban observation station, 

surrounded by main roads, residential, and commercial areas. More details can be found in previous work 

(Liu et al., 2020).  

 
Measurement of main Species 

N2O5, ClNO2, and Cl2 were measured with a high-resolution Time-of-Flight chemical ionization mass 

spectrometer using iodide as the reagent ion (I-CIMS).  

Meteorological parameters including UVB radiation, temperature, pressure, relative humidity (RH), wind 

speed, and direction are measured with a weather station (AWS310, Vaisala Inc.). 

Trace gases, including NOx, SO2, CO, and O3, were measured with the corresponding analyzer (Thermo 

Scientific, 42i, 43i, 48i, and 49i).  

The number size distributions of particles were measured by a diethylene glycol scanning mobility particle 

spectrometer (DEG-SMPS), which was corrected to the wet particle-state Sa with a hygroscopic growth 

factor (Liu et al., 2013). 

VOCs were detected by proton transfer reaction time-of-flight mass spectrometry (PTR-ToF-MS 8000, 

IONICON) with a hydronium ion (H3O+) source. 

The bulk composition, including chloride, nitrate, sulfate, ammonium, and organics of nonrefractory PM2.5 

(NR-PM2.5), was measured with a time-of-flight aerosol chemical speciation monitor (ToF-ACSM, 

Aerodyne) at the 

AHL/BUCT station. All the measurement techniques above mentioned, are summarized in Table 1. 

 

Species Instruments 

N2O5，ClNO2 I-CIMS 

meteorological parameters

（T, RH, UVB, ect.） 
Weather station  

trace gas（CO, SO2, NOx, 

and O3） 

Thermo Environmental 

Instruments 

sizes of aerosols SMPS 
VOCs PTR 

aerosol chemical composition

（NR-PM2.5, including Org, 

SO4
2-, NO3

-, NH4
+, and Cl-) 

ACSM 

 

Table 1. Instruments used for measurement in BUCT. 

 

Calculation of uptake coefficient (γ) 

To derive the uptake coefficient of N2O5, NO3 and N2O5 were deemed as ([NO3] + [N2O5]). It is in pseudo-

steady state rather than balance state, suggested by McLaren et al (2010).  
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d([N2O5] + [NO3])

d𝑡
= 𝑃NO3

− 𝐿N2O5+NO3
(1) 

𝐿NO3+N2O5
= 𝐿NO3

+ 𝐿N2O5
= 𝑘x[NO3] + 𝑘y[N2O5](2)  

𝑃NO3
= 𝑘1[NO2][O3](3) 

where 𝑘x and 𝑘y are the overall pseudo first order rate constants for NO3 and N2O5 respectively.  

𝑘y = 0.25 ⋅ 𝛾N2O5 ⋅ 𝐶 ⋅ Sa ⋅ 𝐾𝑒𝑞[NO2] (4) 

where 𝐶 denotes the mean molecular speed of N2O5, Sa is the surface-to-volume ratio of aerosols, 

𝛾N2O5 is the uptake coefficient of N2O5 and Keq represents the thermal equilibrium constant between NO3 and 

N2O5.  

 

Chemical box model 

To estimate the concentration of OH radical in the daytime, a chemical box model was developed with the 

latest version of the MCM (v3.3.1) (Wolfe et al., 2016) and an updated chlorine (Cl) radical chemistry 

module (Xue et al., 2015). The integrated production of nitric acid during daytime was then calculated based 

on the simulation results. The input data included the data relating to N2O5, ClNO2, HONO, O3, NO, NO2, 

SO2, CO, C2 to C10 NMHCs, OVOCs (formaldehyde, acetaldehyde, acetone, and MEK), temperature, 

aerosol surface area, BLH, and J(NO2). The resolution of the date in this model was 10 min. 

 

RESULTS AND CONCLUSIONS 

Based on long-term observations, seasonal data of N2O5 and ClNO2 seasons were obtained in BUCT station. 
The highest value of N2O5 was observed in autumn with 1.5 ppbv, while the highest value of ClNO2 occurred in winter 

with 2.2 ppbv. The levels observed at BUCT are comparable with measurements at YRD region, but slightly higher 

than the previous Beijing data. Even though it is lower than the polluted areas of southern China, like Hong Kong and 

Guangdong province, it indicates more intense nighttime chemical reactions than before in Beijing and a more serious 

air pollution in NCP area. Therefore, it is particularly important to enforce policies to curb the increase of nitrates. 

In diurnal profiles of N2O5, ClNO2, both N2O5 and ClNO2 exhibited typical diurnal variations, increasing during 

the night and decreasing during the day. And nocturnal chemistry exhibits obvious seasonal characteristics. N2O5, 

ClNO2 had a higher concentration at night during the spring and winter Olympics. It was associated with few NO, 

lower temperature and longer reaction times, which can contribute to the conversion and accumulation of N2O5. And 

in the autumn and winter, high NO concentrations prevented nocturnal chemistry because NO can deplete NO3 radical 

rapidly regardless of their weather conditions. In summer, meteorological conditions including humidity, solar 

radiation and precursors such as high concentrations of O3 and low concentrations of NO are conducive to nocturnal 

chemical reactions. However, the most important influence factors are high temperature, facilitating the conversion of 

N2O5 to NO3 radical and it also inhibited N2O5 production.  

In summary, we report on the seasonal concentration characteristics of N2O5 in urban Beijing. Analyzing the long-term 

observation data, the chemistry of N2O5 is influenced by precursors and meteorological factors, and this dominant 

factor varies in different seasons. We hope this study will help to implement different policies to mitigate the 

environmental pollution more effectively in different seasons. 
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Figure 1. The observational data of N2O5 and ClNO2 levels in China in recent five years. Color stands for 

different seasons. green: spring; red: summer; orange: autumn; blue: winter. The slanted line fill represents 

ClNO2, while the blank fill represents N2O5. 

 

 

 
Figure 2. Mean diurnal profiles of N2O5, ClNO2 and relevant parameters in the four seasons. 
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INTRODUCTION 

 

Atmospheric aerosols and fine particulate matter (PM2.5) are strongly affecting human health and climate 

in the Anthropocene, that is, in the current era of globally pervasive and rapidly increasing human 

influence on planet Earth. Poor air quality associated with high aerosol concentrations is among the 

leading health risks worldwide, causing millions of attributable excess deaths and years of life lost every 

year. Besides their health impact, aerosols are also influencing climate through interactions with clouds 

and solar radiation with an estimated negative total effective radiative forcing that may compensate about 

half of the positive radiative forcing of carbon dioxide but exhibits a much larger uncertainty. 

Heterogeneous and multiphase chemical reactions on the surface and in the bulk of solid, semisolid, and 

liquid aerosol particles have been recognized to influence aerosol formation and transformation and thus 

their environmental effects. However, atmospheric multiphase chemistry is not well understood because 

of its intrinsic complexity of dealing with the matter in multiple phases and the difficulties of 

distinguishing its effect from that of gas phase reactions. 

 

Recently, research on atmospheric multiphase chemistry received a boost from the growing interest in 

understanding severe haze formation of very high PM2.5 concentrations in polluted megacities and 

densely populated regions. State-of-the-art models suggest that the gas phase reactions, however, are not 

capturing the high concentrations and rapid increase of PM2.5 observed during haze events, suggesting a 

gap in our understanding of the chemical mechanisms of aerosol formation. These haze events are 

characterized by high concentrations of aerosol particles and high humidity, especially favoring 

multiphase chemistry.  

 

METHODS 

Here, I reviewed recent advances that my group has made as well as current challenges and future 

perspectives for research on multiphase chemical processes involved in atmospheric aerosol formation and 

transformation. We focus on the following questions: what are the key reaction pathways leading to 

aerosol formation under polluted conditions, what is the relative importance of multiphase chemistry 

versus gas-phase chemistry, and what are the implications for the development of efficient and reliable air 

quality control strategies? In particular, we discuss advances and challenges related to different chemical 
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regimes of sulfate, nitrate, and secondary organic aerosols (SOAs) under haze conditions, and we 

synthesize new insights into the influence of aerosol water content, aerosol pH, phase state, and 

nanoparticle size effects. Overall, there is increasing evidence that multiphase chemistry plays an 

important role in aerosol formation during haze events. In contrast to the gas phase photochemical 

reactions, which are self-buffered against heavy pollution, multiphase reactions have a positive feedback 

mechanism, where higher particle matter levels accelerate multiphase production, which further increases 

the aerosol concentration resulting in a series of record-breaking pollution events. We discuss perspectives 

to fill the gap of the current understanding of atmospheric multiphase reactions that involve multiple 

physical and chemical processes from bulk to nanoscale and from regional to global scales. A synthetic 

approach combining laboratory experiments, field measurements, instrument development, and model 

simulations is suggested as a roadmap to advance future research. 

 

CONCLUSIONS 

Overall, there is increasing evidence of the importance of multiphase chemistry in aerosol formation 

during haze events. It is more efficient in producing inorganic aerosols than organic aerosols. The high 

ionic strength and distinct pH in aerosol water can either increase or reduce the rate of certain reactions 

compared to that in cloudwater. While most studies agree that the N2O5 reaction is the main pathway 

producing nitrate, a consensus has not been reached for sulfate and SOA formation. Model calculation and 

a few studies suggest that aerosols mostly stay in a liquid phase during severe haze events, but the range of 

RH and T to maintain the liquid phase in the presence of organic aerosols is not clear. 

 

To further advance understanding of atmospheric multiphase chemistry, we have the following 

suggestions: 

(1) To effectively identify the atmospherically relevant reactions and to validate laboratory-determined 

kinetics in the presence of other gases or mixtures of other aerosols, it is desirable to extend the current 

kinetic studies from a relatively simple reaction system to a system reflecting the complexity of the real 

atmosphere, for example, an environment chamber filled with real atmospheric gases and aerosols. 

 

(2) New techniques and design of experiments are needed, especially for the effect of aerosol pH,  

high ionic strength and aerosol phase sate.  

 

(3) We need to promote the establishment of a 3-D comprehensive observation network at a global scale 

through international collaborations and initiatives.  

 

(4) We suggest more comparative studies of multiphase chemistry during hazy days with that at nighttime 

and in fogs. 
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INTRODUCTION 

We present an application of the state-of-the-art atmospheric chemical transport model WRF-CHIMERE 

over the South Asia domain, i.e., Nepal. The model was recently implemented at the Institute for 

Atmospheric and Earth System Research (INAR) with the aim to investigate the formation and 

transportation processes of biogenic aerosol particles in extreme environments.  

METHODS 

The WRF-CHIMERE chemical transport model (Menut et al., 2013) was deployed over the Himalayan 

Range and specifically over the Nepal Climate Observatory Pyramid (NCO-P) in the eastern part of the 

Himalaya for the whole month of December 2014. The model was set up with a 4 domains nested 

configuration, and with the high-resolution domain, i.e. at 1 km, centered over NCO-P. Biogenic emissions 

were prepared using the Model of Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther et 

al., 2012) and combined with organic chemical schemes parametrized using the volatility basis set scheme. 

For this specific application, formation and nucleation of highly oxygenated molecules (HOMs) arising from 

the oxidation of biogenic precursors such as alpha-pinene and isoprene (among others) where parametrized 

based on latest smog chamber experiments (Kirkby et al., 2016). Model results were evaluated against a 

comprehensive set of measurements available during an intensive campaign performed at NCO-P during 

the December 2014 period. Observational data included Neutral cluster and Air Ion Spectrometer (NAIS), 

Scanning mobility particle sizer (SMPS) as well as ozone (O3) and black carbon (BC) data. Additionally, a 

detailed comparison with local meteorological measurements was also performed to investigate the 

capability of the model in reproducing the valley-wind mechanism, which are typical of the Himalayan 

valleys. Various sensitivity tests were carried out with altered biogenic emissions fluxes to investing their 

potential role on model performance.    

CONCLUSIONS 

Preliminary simulations indicated a substantial increase in the number of modeled biogenic particles when 

formation and nucleation of HOMs processes are included in the model, and below the 10 nm size. In line 

with the observations, the model indicated that biogenic particles formed in the Himalayan valleys located 

directly south of the NCO-P site, can be ventilated out of the valleys via thermally driven winds, and 

eventually reach the NCO-P site. A sensitivity test with increased biogenic emissions indicated that such 

mechanism could potentially increase the number of could condensation nuclei (CCN). 
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Clouds over the Southern Ocean are a large source of error in the current generation of 
climate models. Comparisons with satellite observations shows that they are regularly 
underestimated in models, allowing increased sunlight to reach the ocean surface, altering 
sea surface temperatures and hence, circulation patterns. This is partly due to an incomplete 
picture of Southern Ocean cloud properties (e.g. droplet sizes, phase state) and the factors 
(aerosol particles, thermodynamics, boundary layer dynamics, atmospheric and cloud 
turbulence) that influence them. 

goSouth is an international collaboration between the Leibniz Institute for Tropospheric Research 
(TROPOS), the Institute for Meteorology and Climatology (IMUK) at the Leibniz University of Hannover, 
the University of Auckland, the University of Canterbury and NIWA. Rejoicing in the full title of “Model 
assisted vertical in-situ investigation of aerosols, and aerosol-cloud-turbulence interactions in the 
Southern Hemisphere marine boundary layer (goSouth)” it has two main purposes: 

 Characterisation of climate relevant aerosol processes in the turbulent boundary layer over 
the Southern Ocean 

 Proof of concept for collaboration between Germany and NZ with a view to a larger ship and 
air-borne programme to follow 

A measurement campaign was carried out in November 2022 at a site overlooking Te Waewae Bay 
near Pahia (46.31°S, 167.71°W, 10 m a.s.l.), about 50 km west of Invercargill (Figure 1). Five 
researchers from TROPOS and one researcher from IMUK joined the NZ contingent for three weeks of 
aerosol and turbulence measurements from ground level to 1 km.  
 
The campaign focused on the vertical distribution of aerosol physicochemical properties, turbulence 
and meteorological variables in the marine boundary layer. A combination of ground-based and balloon-
borne measurements of aerosol, thermodynamic and turbulence properties was carried out. The 
goSouth measurement campaign will be jointly realized with a remote-sensing campaign of the 
LOSTECCA project (Hofer et al., 2022).  
 
Methods 

Measurements were made of aerosol physicochemical properties and concentrations. The 
instrumental suite consists of: 

 Filter samples for aerosol chemical analysis  
 Aethalometer 
 Condensation Particle Counters  
 Cloud Condensation Nuclei Counter 
 Mobility Particle Sizers 
 Hemispherical Sky Imager 

 
There was also a complete suite of meteorological measurements. Aerosol particle and meteorological 
– including turbulence – measurements were made from tethered balloons up to a height of 1000 m.  
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The partner project LOSTECCA will in addition contribute continuous observations of the vertical 
distribution of aerosol, clouds and atmospheric dynamics from multi-wavelength Raman polarization 
lidar and Doppler lidar, as well as integrated measurements of atmospheric water vapour, liquid water, 
and aerosol optical thickness from microwave radiometer and Sun-photometer. The instruments 
deployed are listed in Tables 1 and 2. 
 

 
Figure 1: The sampling site at Te Waewae Bay 
 

Table 1: Ground-based in-situ instrumentation 

Property Instrument Institution 

temperature, pressure, 
humidity, wind 

meteorological stations NIWA 

Aerosol particles  Mast and aerosol inlet system NIWA and TROPOS 

particle size distribution MMPS and  SMPS TROPOS and NIWA 

coarse aerosol OPC and APS TROPOS and NIWA 

CN CPC  CN>7 nm TROPOS 

CCN DMT CCN-100 TROPOS and NIWA 

Scattering 
Nephelometer Ecotech Aurora 
4000 

TROPOS 

Attenuation Aethalometer AE22 NIWA 

INP 
LVS-sampler (polycarbonate 
filters) 

TROPOS 

Chemical composition 
LVS-sampler (quarz fibre 
filters) 

TROPOS 
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Table 2: Air-borne instrumentation: 

Property Instrument Platform Institution 
temperature, 
pressure humidity 

meteorological 
sonde 

sonde TROPOS 

Meteorology and 
turbulence 

meteorological and 
turbulence sondes 

Helikite TROPOS/NIWA 

Particle size 
distribution 

POPS (0.15 – 3 um) Helikite TROPOS 

Ice nucleating 
particles 

HALFBAC 
(polycarbonate) 

Helikite TROPOS 

chemical composition (quarz fiber) Helikite TROPOS 

 
Despite severe logistical difficulties, due mainly to international shipping and local power problems, a 
potentially interesting ground-based and vertically resolved in-situ aerosol, meteorological and 
turbulence dataset, was acquired. First indications are that particle formation events were observed but 
due to the circulation patterns in the bay, we hypothesize that formation came from gaseous precursors 
emitted from New Zealand terrestrial sources. However, thorough data evaluation is needed to confirm 
- or otherwise - this hypothesis.   
The project successfully met its second objective of demonstrating the feasibility of joint field campaigns 
in NZ and that due to the complex terrain and flow conditions, Te Waewae Bay is not the best place for 
investigating undisturbed Southern Ocean air-masses. 
 
This talk will give an overview of the measurement campaign and present preliminary results, focussing 
on two case study events on the 18th and 20th November when particles formed under similar conditions 
but with different growth behaviour. 
The results will be used to develop or improve models of Southern Ocean ocean/aerosol/cloud 
interactions which are currently a source of error in climate projections. 
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INTRODUCTION 

 

Level of atmospheric aerosols and related air pollution in urban areas are most commonly characterized by 

measuring and reporting mass concentration of certain aerosol fractions, such as PM1, PM2.5 and PM10. 
However, aerosols are more precisely characterized by using their size distribution, which can range in size 

from a few nanometers to a few micrometers. Furthermore, health effects of aerosols are also strongly size 

dependent (Oberdörster et al., 2005; Gurr et al., 2005), thus raising an important issue of insufficient 
information often provided by the regulatory monitoring networks, which are in addition to that typically 

spatially very sparse. Additional monitoring tools are thus needed. Here we describe results of a recently 

conducted mobile monitoring campaign that covered heating (winter) and non-heating (summer) periods in 

2022 in the city of Novi Sad, which was at the time European Capital of Culture, especially focusing on 
urban aerosol aspects not typically available in traditional monitoring, such as number concentration of 

ultrafine particles. Several examples of obtained results are shown in the form of thematic maps illustrating 

ultrafine particles concentration on workdays and weekends in the heating and non-heating season.  
 

METHODS 

 
How can we increase the spatial resolution of air pollution data, and furthermore increase the quality of air 

pollution information? For the measurement and characterization of particulate matter pollution, which for 

aerosols in general, and of course aerosols in urban areas, consists of particles of different diameters, in a 

very wide range of particle diameters (from a few nanometers to 10 um), usually several instruments are 
used, so that their spectra (measured particle size distributions) combine. The necessity of using several 

instruments, with fundamentally different measurement methods, stems from the impossibility of covering 

the entire relevant range with only one method, as for example the optical method cannot be used for the 
smallest nanometer particles. Therefore, for such comprehensive measurements and characterization of 

aerosols, methods based on different physical principles must be used, such as optical methods, methods 

based on electrical mobility measurements, and others.  
In this work we have used a large number of measurements obtained with high quality equipment (laboratory 

grade equipment) located in a moving vehicle. Instrumentation consisted of laboratory grade instruments: 

TSI NanoScan SMPS Model 3910 (13 channels from 10 nm to 420 nm with 1 minute resolution) and TSI 

Optical particle sizer 3330 (17 channels from 0.3 um to 10 um with 1 second resolution). Each measurement 
point was geolocated. During one part of the campaign, a dashcam recorded the view through the vehicle's 

front windshield, allowing for later analysis, source identification and explanation of sudden spikes in air 

pollution. The aerosol inlet was conical, placed on the right side of the vehicle, and two sampling tubes led 
the ambient air from the conical inlet to the instrumentation located in the passenger cabin. Data on 

particulate matter pollution were collected during 2 weeks of March 2022, in Novi Sad (heating season), 

and 2 weeks of August 2022 (non-heating season). Each day, one vehicle with a gasoline engine and 
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instrumentation performed measurements on 4 predetermined routes, 2 routes in the morning/afternoon 

period and 2 two routes in the afternoon/night. Instrument maintenance was performed between runs 

(cleaning the inlet, charging the battery, zero testing, data collection). Table 1 shows the metadata summary 
statistics of the acquired mobile monitoring campaign data.  

 

  2022 HEATING SEASON  
(MARCH 4-16) 

2022 NON-HEATING SEASON 
(AUGUST 18-30) 

ROUTE 

NUMBER 

No. of 

runs 
along a 

route 

No. of samples 

using TSI 
Nanoscan 3910 

(10nm-420nm)  

No. of 

samples using 
TSI OPS 

3330 (300nm-

10um)  

No. of 

runs 
along a 

route 

No. of samples 

using TSI 
Nanoscan 3910 

(10nm-420nm)  

No. of 

samples using 
TSI OPS 

3330 (300nm-

10um)  

1 13 1011 58932 12 1056 62839 

2 13 753 44825 12 691 40841 

3 12 861 51597 14 1058 63011 

4 12 951 56447 12 1126 64655 

TOTAL 50 3576 211801 50 3932 231346 

 

Table 1. Summary statistics of the acquired data during the mobile monitoring campaign. 

 
 

Color of the 

marker 

Datapoint of number 

concentration is belonging 

to percentile (both seasons) 

Range of measured number 

concentration values in [#/cm
3
] 

green 0-25% 0 - 5617 

yellow 25-50% 5617 - 10972 

orange 50-75% 10972 - 21025 

red 75-100% 21025 - max 

 
Table 2. Legend of the markings used to depict the measurement of ultrafine particles. 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 

Figure 1. Distribution of number concentration of ultrafine particles measured on: a) weekdays during the 
summer campaign, b) weekdays during the winter campaign, c) weekends during the summer campaign, 

d) weekends during the winter campaign. 

 
Table 2 and Figure 1 show a map of concentration of ultrafine particles, which enables simple visual insight 

into differences between work day/week day in heating vs non-heating season. Project website (H2020 

VIDIS, 2023) features clickable maps, with popups detailing measurement point (timestamp and 
concentration). 

CONCLUSIONS 

 

A lower number of datapoints in the upper percentile ranges can be observed in the summer along major 
roads due to a reduced level of pollution, most likely due to reduced traffic intensity. From all four panels 

in Figure 1, it is clearly visible that the highest concentrations in all parts of the city were measured during 

the winter campaign on weekend days when residential buildings with individual fireplaces are heated 
throughout the day. During workdays, differences between winter and summer were less pronounced. 

 

This work showcased use of mobile monitoring to increase spatial resolution of PM air pollution 
information. Lab grade monitors operating based on two different principles were used, namely optical 

method based instrumentation for 300nm - 10um size range, and scanning mobility particle sizers for 10nm 

– 420nm size range. Even without additional modelling effort, geostamped and plotted data points can be 

used to explore the urban area in the context of PM pollution, which is not possible using conventional 
sparse monitoring. Further analysis will include analysis of more fine temporal patterns, reference station 

comparisons and geostatistical modelling. 
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INTRODUCTION 

 

Cirrus clouds are high altitude tropospheric ice clouds present at below 235 K that cover 25 – 45% of the 

globe. Their influence on the balance of radiation reaching the Earth depends on their microphysical 

properties (DeMott et al., 2016). These properties depend on the action of two freezing pathways that help 

to determine the size and number of ice crystals and even the sign of radiative effect: homogeneous and 

heterogeneous ice nucleation (Jensen et al., 1994). The homogeneous (or spontaneous) pathway is 

controlled by the water activity of dissolved aerosol components in highly supercooled solutions (Koop et 

al., 2000), while heterogeneous nucleation is controlled by the specific nature of ice nucleating particles 

(INPs) (Vali et al., 2015). The two processes compete, in dependence on the lower threshold relative 

humidity (RH) required for a specific INP, INP concentrations, and the vertical motions that drive RH 

increases and ultimately cirrus formation (Kärcher et al., 2022). A host of aerosol types may be relevant 

for heterogeneous ice nucleation at cirrus levels. Field studies of cirrus ice crystal residual compositions 

have indicated an occurrence of sea salt at levels up to 25% of collected ice crystals for flights over ocean 

regions (Cziczo et al., 2013). This is strong evidence that sea spray aerosols (SSA) can be lofted from the 

marine boundary layer in deep convection, participate in formation of cirrus anvils via ice nucleation, and 

be detrained from evaporating clouds to be present as potential cloud nuclei for subsequent formation of in 

situ cirrus.  

 

In prior laboratory studies, high fractions (~10%) of SSA were confirmed to freeze heterogeneously below 

220 K (Wagner et al., 2018; Patnaude et al., 2021), attributed to the salts in SSA. These particles could 

represent a significant source of cirrus INPs in competition with mineral dust in some regions of the world 

(Patnaude et al., 2021). Studies have not previously examined the action of atmospheric oxidation on the 

freezing properties of these same INPs, nor the potential low temperature freezing of secondary marine 

aerosols (SMA) produced due to oxidation of oceanic gas phase emissions. We address these subjects and 

explore the low temperature behavior of non-sea-salt components of SSA that are known to initiate 

heterogeneous immersion freezing at mixed-phase (liquid and ice) cloud temperatures (McCluskey et al., 
2018).  

 

 

METHODS 

 

Studies used a Marine Aerosol Reference Tank (MART) (Stokes et al., 2013) designed to generate a 

realistic atmospheric distribution of SSA via plunging water and the consequent bubble bursting process, 

an oxidation flow reactor (OFR) (Peng et al., 2020), and a low temperature continuous flow diffusion 

chamber (Patnaude et al., 2021; Kasparoglu et al., 2022). The MART was filled with 120 L of either 1) 

artificial seawater (ASW), 2) real seawater (SW) collected at the Scripps Institution Pier in La Jolla, CA, 

or 3) deionized (DI) water. After generation, the polydisperse particles were passed through the OFR. 

When the OFR was operating to induce oxidation, two 90/10 lamps (90% 254 nm, 10% 185 nm) were 
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used to generate O3 and OH radicals to oxidize particles, and OFR exposure was set to resemble ~4-6 days 

of atmospheric aging. Relative humidity (RH) was controlled to > 60% inside the OFR to ensure OH 

chemistry, rather than singlet oxygen. Comparative nascent SSA experiments were performed by passing 

particles through the OFR without operating the lamps. For SMA freezing studies, the plunging was 

turned off in the MART and clean air was passed from the MART headspace to the OFR for all water 

types. These various experimental configurations are summarized in Table 1. We note that in defining the 

types the way we do herein, the “aged” category means that organic aerosol composition has likely been 

altered both by production of particles that are secondary organic only (called SMA here) and alteration of 

the organic component composition of nascent SSA particles. Thus, for experiments termed “SMA-only”, 

we are only isolating the impact of newly formed organic particles in ice nucleation experiments.  

 

Generated aerosol types  

(Water type) 

OFR lamp operation MART plunging 

Nascent SSA (ASW, SW) OFF ON 

Aged SSA+SMA (ASW, SW) ON ON 

SMA only (ASW, SW, DI) ON OFF 

 

Table 1. Experimental matrix for nascent SSA, aged SSA and secondary marine aerosol freezing studies. 

  

Aerosol particle distributions were constructed via merging data from a scanning mobility particle sizer 

and an aerodynamic particle sizer. As discussed in detail in Patnaude et al. (2023), passage through the 

OFR when lights were activated produced a bimodal distribution for the aged SSA+SMA cases, with a 

smaller size mode dominated by secondary organic aerosols augmenting (3 - 4 orders of magnitude by 

number) primary SSA (lamps off) at sizes below 200 nm for both ASW and SW. No large mode was 

present for SMA only cases. However, when DI water was tested with an active OFR, it was also found to 

lead to the formation of secondary aerosol, likely due to VOCs emitted from the acrylic that composes the 

MART walls. Hence, it was not possible to easily determine the proportion of total secondary material that 

was contributed as true SMA versus other organics in the aged aerosol cases. This issue will need to be 

resolved in future studies via use of non-plastic materials, but we believe that the experiments still allow 

for interpretation of the role of SMA alone, as discussed in the results.  

 

Ice nucleation measurements used the Colorado State University Continuous Flow Diffusion Chamber 

(CFDC) to expose continuously generated particles to a range of relative humidity (RH) conditions for 

temperatures from 233 to 190 K (Patnaude et al., 2021, 2023). Experiments constituted RH “scans” 

wherein initially very dry particles entered the chamber, temperature at the aerosol lamina is held 

constant, and RH is slowly increased until a high frozen fraction of particles, as detected optically, is 

achieved over the ~25 s chamber residence time. After each cycle, RH is lowered and a stepwise change 

in temperature is used to ultimately span the full range of temperature and RH space. Using these 

methods, heterogeneous ice nucleation characteristically produces gradually increasing ice crystal 

concentrations as RH is increased, while homogeneous freezing results in a strong discontinuity in ice 

concentrations equating to a high fraction of total particles freezing over a narrow range of RH.  

 

 

RESULTS 

 

A summary of selected ice nucleation results is shown in Figure 1, focusing on the SW results. Ice 

nucleation results shown are only for a fraction of 1% of particles freezing. Full results are elaborated in 

Patnaude et al. (2023) and will be described at conference time. At the 1% freezing level shown, results at 

temperatures higher than 220 K suggest alignment with the homogeneous freezing process, regardless of 

aging. A heterogeneous nucleation process is inferred to ensue at temperatures colder than 220 K, based 

on ice formation ensuing at RH well below the conditions required to be predicted for homogeneous 

freezing. This behavior has been previously attributed to the nature of the surfaces of crystallized salts 

(Wagner et al., 2018; Patnaude et al., 2021) as they begin to take up water. This is shown by the fact that 
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the onset of freezing occurs at near the RH conditions where deliquescence of the initially dry particles is 

predicted, as well as near the conditions where condensation freezing may also ensue if freezing starts in 

pores on particles. Interestingly, no significant difference in heterogeneous freezing conditions is noted 

after particle aging (SSA+SMA). This suggests that the inorganic (salt) component is likely involved in 

the freezing process, and thus the alteration by organics has little or no influence on this lower temperature 

freezing process. In contrast, freezing conditions for the SMA only experiment require RH close to water 

saturation, suggesting that these particles were hydrophobic and/or very slow to plasticize, if glassy, and 

thus required water saturation to drive water uptake and freezing. These freezing conditions also typify 

most secondary organic aerosol freezing conditions at cirrus temperatures (Kasparoglu et al., 2022). 

 
Figure 1. Summary of conditions needed to freeze 1% of all SW particles for nascent, aged (SSA+SMA) 

and SMA-only particles. Reference lines and shading indicate ice saturation (black dashed), the 

parameterized water relative humidity (RHw) for pore condensation in a 11 nm pore (Marcolli, 2014) 

(solid yellow), and the threshold for the onset of homogeneous freezing (Koop et al. 2000) (solid black). 

The blue shaded region represents possible deliquescence RH for NaCl and SSA (see Patnaude et al., 

2023).  

 

Not shown in Figure 1 is an additional heterogeneous freezing process that was observed to occur at lower 

ice active fractions for SW produced particles, present even at temperatures >220 K and presumably on 

the INPs known to be present within SSA and active at mixed-phase cloud conditions (McCluskey et al., 

2018). This process, evident at a freezing fraction of 0.1%, parallels conditions for homogeneous freezing 

but requires several percent lower RH, as expected for heterogeneous immersion freezing.  

 

 

CONCLUSIONS 

 

The ice nucleating behavior of SSA generated from a MART in this study is like that found in previous 

laboratory measurements of low temperature ice nucleation of monodisperse SSA (Patnaude et al., 2021) 

in denoting a transition from a homogeneous to heterogeneous nucleation process for a large proportion of 

salt-containing particles at temperatures near and below 220 K. These onset conditions were relatively 

unperturbed when particles were exposed to atmospheric oxidation. We thus infer little influence of 

oxidized marine organics on these major freezing processes. When sub-200 nm SMA (and co-generated 

SOA) were tested in isolation, these showed very poor ice nucleating ability, similar to previous works on 

other secondary organic aerosols in the cirrus regime. An additional heterogeneous freezing process was 
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found to occur at lower ice active fractions that was consistent with expectations for heterogeneous 

immersion freezing of the most active INPs emitted in SSA, those also active at higher temperatures. 

Further results and implications will be presented.  
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Plastic pollution of the oceans has become a major environmental problem. This marine plastic debris has 

a size ranging from nm to cm. Only recently, the presence of nanoplastics (NPs) in oceans has been 

demonstrated (Halle et al., 2017), and their environmental impact has remained unclear. Due to their low 

density, NPs can float at the surface of the oceans and interact with both the atmosphere and the seawater. 

Therefore, aqueous NPs can react with oxidants in the gas phase (e.g., ozone) and light, thus interfering 

with other (photo)chemical degradation processes in the atmosphere. In order to understand the 

degradation processes of NPs in the aqueous environment, we firstly investigated chemical composition 

changes of standard polystyrene (PS) particles before and after the exposure to light or ozone, with the 

technique of scanning transmission X-ray microscopy coupled to near-edge X-ray absorption fine 

structure spectroscopy (STXM/NEXAFS). The presence of oxygenated functions was observed in PS 

particles after light or ozone exposure, indicating that these plastic particles dispersed in water can react 

with both light and ozone. The results can be applied to both surface and atmospheric waters, like cloud 

and fog droplets. 

In addition, simulated weathering was done by exposing a suspension of standard PS in the real 

environment for one year. This suspension turned yellow upon exposure, and STXM/NEXAFS results 

showed a significant amount of organic matter with ketone and carboxylic functions being released to the 

aqueous phase. We also collected particle samples from the Baltic Sea (Gulf of Finland) and analyzed 

them by STXM/NEXAFS. Potential NPs were found in the environmental sample, which is a motivation 

for us to further study the reactivity, transformation, and fate of NPs in the environment. 
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INTRODUCTION

The problem that this work aims to address is the shortwave radiation bias over the Southern Ocean (SO).
In climate models, the downwelling shortwave radiation at the top of the atmosphere is significantly lower
than in observations (IPCC, 2013). This bias has been linked to a deficit in supercooled liquid over the SO
in models (Fan et al., 2011).

This deficit in supercooled liquid could be caused by using parameterisations of ice nucleation tuned to
northern hemisphere observations, where mineral dust is much more prevalent. In the pristine atmosphere
over the SO, however, primary marine organic aerosol (PMOA) is in fact the dominant source of INPs
(Vergara-Temprado et al., 2017; Zhao et al., 2021).

PMOA has recently been implemented in UKESM1 (Mulcahy et al., 2018), from which the NZESM is
derived. The purpose of this work is to allow PMOA to function as a source of ice nucleating particles
(INPs) within the NZESM. This will be an extension to earlier work by Varma et al. (2021), which
enabled dust particles to function as INPs in the NZESM.

METHODS

Because the NZESM has no explicit INP functionality, Varma et al. (2021) instead replaced the globally
uniform heterogeneous freezing temperature with a three-dimensional distribution that is a function of the
dust number density. This increases the freezing temperature for high dust densities, mimicking the
function of dust INPs.

A similar approach will be used in this work, but with PMOA. Different parameterisations of INP number
density for PMOA exist in the literature, representing PMOA INPs as a function of temperature and total
organic carbon mass concentration (Wilson et al., 2015) or temperature and sea spray aerosol mixing ratio
(McCluskey et al., 2018). These will be implemented within the NZESM and assessed for their ability to
reduce the SW radiation bias over the SO.
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INTRODUCTION  
 
Measurements of aerosol and their precursors in key marine environments in the Australian region 
have been the focus of several important field campaigns over the last few years. Many of these 
campaigns have made significant contributions to our understanding of aerosol abundance and 
processes. In this work, we present a range of modelling projects that learn from and compliment 
several recent field campaigns (eg. McFarquhar et al. 2021, Trounce et al. 2023). In particular, we 
focus on an overarching study of aerosol number concentrations in the Australian and Southern Ocean 
regions (Figure 1), as well as some specific regional studies, including a major campaign over the 
Great Barrier Reef.  
  

 
Figure 1: A map of all field observations taken from ship campaigns (coloured circles) and at stations 
on Macquarie Island (black triangle) and at Cape Grim (black square) analysed in Lamprey et al. 
(2023, in prep).  

 

METHODS 
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Two models will be discussed in this presentation: the global atmosphere Australian Community 
Climate and Earth System Simulator – Atmosphere Model 2 (ACCESS-AM2), which includes the 
United Kingdom Chemistry and Aerosol (UKCA) scheme (Lamprey et al. 2023 in prep), and the 
Weather Research and Forecast model coupled to the Carbon Bond Mechanism Z - Model for 
Simulating Aerosol Interactions and Chemistry) chemistry-aerosol scheme (WRF-Chem, Fiddes et al. 
2022). While WRF-Chem has been run over the Great Barrier Reef domain only, ACCESS has been 
tested over multiple domains, from the reef down to the sea ice. Statistical comparisons have then 
been performed to compare the modelled aerosol concentrations to the observed.    
 

CONCLUSIONS 
 

Our studies show that aerosol number concentrations and cloud condensation nuclei are 
underpredicted by a factor of approximately four in the Australian region within the ACCESS-AM2 
model. The inclusion of boundary layer nucleation processes reduced this bias around the Australian 
coastline, but not in the remote marine environments. This work indicates that there may be a missing 
source of aerosol, or missing aerosol processes within the model, which is being investigated further.  

More specifically, we have found that dimethyl sulfide concentrations are overestimated by the 
standard climatology over the Great Barrier Reef. By halving these concentrations, the WRF-Chem 
model is able to capture the dimethyl sulfide-aerosol processes with good accuracy. Unfortunately, no 
other campaign in this data set included DMS observations, presenting a gap for model testing of 
other regions.  
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INTRODUCTION 

Air pollution contributes to human-related climate change while being simultaneously harmful to human 

health. Identifying different sources of air pollution through long-term study and state-of-the-art 

techniques can inform policymakers and aid in efficient mediation of poor air quality. Ports are of 

particular interest they have a range of emissions sources and are often near populous cities. Dublin Port is 

Ireland’s biggest port and grossed about 34.9M tonnes of imports and exports in 2021 (Dublin Port 

Company Annual Report, 2021). The Port itself is adjacent to Dublin City, which is the largest city in 

Ireland, with an estimated 1.43M people in 2021 (28.5% of Ireland, Central Statistics Office). Dublin Port 

is located at the head of the river Liffey, a few kilometers east of the city center (Figure 1). 

There are many port related activities, e.g. shipping traffic, road traffic, industrial works, and the transfer 

of goods between land and sea, that cause emissions of air pollutants through primary or secondary 

processes. These emissions pose a health risk to people downwind and may affect the overall emission 

burden of Ireland. Dublin port plans to increase trade traffic significantly over the next ten years and, the 

impact of port-related activities on local air quality needs quantification. In general, Dublin City 

experiences strong wintertime pollution events due to the burning of solid fuels for residential heating (Lin 

et al., 2018). Historically, these local PM1 pollution events were driven by organic aerosol (OA) in excess 

of 200 µg m-3. Recently, a ban on the sale of smoky solid fuels (October 2022) was introduced that could 

lessen the significance of the pollution episodes or alter the composition of the PM1 pollution over the 

next decade. Since port related emissions are set to rise, a yearlong monitoring campaign was established 

as part of a research project titled Source Apportionment of Air Pollution in the Dublin Port Area 

(PortAIR) 

.  

 

METHODS 

The measurement campaign ran from December 2021 through February 2023. The scientific objective was 

to quantify both port-related and city-center emissions in terms of impact on air quality, as well as be able 

to assess regional sources of pollution and the impact on Dublin air quality. To do this, PortAIR ran a full 

suite of instrumentation to monitor PM and pollutant gases in the port for over a year. The state-of-the art 

instruments were operated inside a portable cabin at a location carefully selected within the port (Figure 1) 

to capture the full range of emission sources. Additionally, an intensive 1-month ran from December 2022 

through January 2023, which added online elemental analysis and higher time resolution aerosol filter 

measurements. A simultaneous long-term measurements site at University College Dublin (UCD) also 

provided PM1 online aerosol composition measurements throughout the campaign (Figure 1). 
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Figure 1. Picture of the Dublin city area with the PortAIR site shown in the red arrow marked 1, the 

Dublin Port area highlighted in bright green, and the UCD site shown with the red arrow marked 2, and 

the distance from the PortAIR site to the main city-center area of Temple Bar in blue (< 5 km). 

 

Source apportionment was performed on online aerosol composition using a quadrupole aerosol chemical 

speciation monitor (Q-ACSM, Aerodyne Research Inc.). Primarily positive matrix factorization (PMF) 

was run using the ME-2 engine in the SoFi software package compatible with Igor Pro (Paatero, 1997; 

Conanoco et al., 2013). Dublin city-center emissions have been well-studied (Ovadnevaite et al., 2021) 

yielding well-documented fingerprints of emissions from different Irish fuel types. The source 

apportionment of PM in the port can be constrained using these well-documented primary emissions (Lin 

et al., 2017). However, in terms of extracting different port related emissions, the picture is less clear as 

the fingerprints of ship-related emissions from marine fuels and other port sources are yet to be 

constrained by this project   

 

 

CONCLUSIONS  

Westerly winds are most common in Dublin, which held true for the PortAIR measurement campaign, 

although wind came from almost all directions during the year. The emissions from the city (upwind) have 

a significant impact on air quality measured in the port, especially in the colder months of the year around 

winter when residential heating emissions are at a maximum. Source apportionment was run on the Q-

ACSM data, for which an initial analysis showed difficulty in extracting a ship-related factor using free 

PMF alone. Many techniques of extracting a ship-related source were applied to the data. The most 

successful attempt involved the use of mass spectral profiles of pollution plumes identified from the ships 

as a-priori information, an example is shown in Figure 2 where it is compared to a ship profile in the 

literature. Then PMF was run on a rolling-basis across the year of data, giving a seasonally linked source 

apportionment of the factors in the organic aerosol component of the online measurements. Presented here 

is the PMF solution as a set of factors, which include ship-related emissions, and are represented by the 

corresponding mass spectra and time series. Results from a relatively novel source apportionment 

approach involving the combined inorganic and organic chemical components are also presented from the 

intensive campaign. 
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Figure 2. Comparison between a PortAIR ship plume Q-ACSM organic aerosol mass spectral profile and a 

cToF-AMS Ship profile from the literature (Chang et al., 2011). 
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INTRODUCTION 

 

The oceans are a dark absorbing surface covering the surface of the earth. The addition of haze or cloud 

layers close to the ocean surface can significantly enhance reflectance and lead to net cooling effects. 

Marine aerosol play a key role in the formation of these low-level clouds and are made of up particles 

called cloud condensation nuclei (CCN). These particles can be emitted as primary sea-spray or formed 

through secondary formation from gas-to-particle conversion. Sulfate is both the most common secondary 

marine aerosol and the most abundant marine aerosol by number concentration. While sulfate often 

dominates CCN number concentration, sea-spray acts more efficiently as CCN and activate into cloud 

droplets more readily, so the relative importance of either species to act in cloud formation can vary.  

 

METHODS 

North East Atlantic aerosol measurements spanning several years from Mace Head Research Station 

(MHD GAW) were used to evaluate aerosol hygroscopicity in marine air (Xu et al., 2021a; Xu et al., 

2021b). These long-term investigations primarily focused on data from a humidified tandem differential 

mobility analyzer (HTDMA), which gives information of subsaturated aerosol hygroscopicity, alongside 

CCN measurements, which give information on the supersaturated aerosol hygroscopicity.  

Aerosol measurements from the PEGASO cruise (2015) in the Southern Ocean were used to investigate 

marine aerosol physico-chemistry (Fossum et al., 2018). Refractory black carbon measurements were used 

to create a statistical method to assess the degrees of pollution in Southern Ocean air and separate out 

polluted measurements (Fossum et al., 2022). Using cases of clean marine air and only sea-salt and sulfate 

as CCN species, a simple cloud parcel model (Pyrcel) was used to recreate the cloud activation conditions 

(Fossum et al., 2020).  

 

CONCLUSIONS 

The Southern Ocean PEGASO campaign captured two clean air mass types, marine polar and continental 

Antarctic. Of these air masses, several periods greater than 4-hours of pseudo-steady-state conditions were 

identified and used for analysis. The aerosol was shown to be composed of mainly secondary sulfate and 

sea-salt with some distinct number-size distribution characteristics between the two air mass types, 

appearing to be owed to the differences in sea-salt influence, even though sea-salt CCN concentration was 

ten times less than that of sulfate. Detailed investigation showed that the CCN in the clean air showed a 

systematic inverse relationship between the concentration of sea-salt CCN and the estimated boundary 

layer cloud peak supersaturation even at these low relative fractions of sea-salt to sulfate aerosol 

concentrations. Further investigation by modelling confirmed that this sea-salt effect could be accounted 

for using realistic external mixtures of aerosol-number concentrations of sea-salt, sulfate, and 

environmental conditions. The sea-salt effect on cloud activation could theoretically lead to an albedo 

difference of as much as 30% for low-level marine clouds (Figure 1). 

 

Long-term investigations into North East Atlantic marine aerosol hygroscopicity shows characteristic 

clean, polluted, wintertime, and summertime aerosol. Growth factors are more dependent on the extent of 

pollution, with an average growth factor of 1.67 for the clean marine air. While the mixing state of the 
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aerosol is seasonally dependent, with external mixtures ubiquitous in winter and more internal mixing in 

summer. It was also shown, by coupling CCN measurements, that in clean marine air the mixing state of 

the aerosol is more important to estimation of CCN by growth factor at low supersaturations rather than 

higher supersaturations. However, when dealing with higher supersaturations, size-dependent 

hygroscopicity matter more to the estimation. This is relevant as it is common practice in growth factor 

CCN estimations to make the assumption that the aerosol in internally mixed and to neglect size-

dependent growth factor. In terms of the sea-salt effect, it is most pronounced at low supersaturations 

where the mixing state of the aerosol is important for CCN estimation.  

 

 
Figure 1. (Reproduced from Fossum et al., 2020) Changes in cloud albedo (dA) as a function of updraft 

velocity (w) and sea-salt aerosol concentration. The sulfate number concentration is fixed at wintertime 

concentrations of 100 cm−3 (a) and summertime of 600 100 cm−3 (b) and simulated as a monomodal 

distribution (CMD ~ 60nm). The percent dA is calculated relative to the base case of low wind speed (w= 

0.1 m/s) and sea-salt concentration (1 cm−3). In the graph, blue represent a positive albedo change, red 

represents a negative albedo change and the grey line shows no change in dA.  
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INTRODUCTION 

The complex interactions among aerosol and low clouds in marine remote environment represent one of the 
major sources of uncertainty in future climate projections. The reason of this uncertainty stems from the 
incomplete representation of the aerosol state in natural pristine conditions where clouds are highly sensitive 
to perturbations in aerosol properties. Aiming to improve the understanding of ocean ecosystem drivers on 
aerosol properties and key processes, as well as the competing influence of long range-transported aerosols 
in remote marine regions, between the years 2015 and 2018, NASA deployed the North Atlantic Aerosols 
and Marine Ecosystems Study (NAAMES) over the western subarctic Atlantic (Behrenfeld et al., 2019). 
Simultaneous ship- and aircraft-based measurements of aerosols, trace gases, and clouds were collected 
during three field campaigns targeting specific phases of the annual phytoplankton cycle:  NAAMES-1 
(November 2015) – winter transition, NAAMES-2 (May 2016) – bloom climax transition, and NAAMES-3 
(September 2017) – declining phase. Here, we leverage NAAMES ship and aircraft datasets to provide a 
quantitative understanding of aerosol seasonal variations in the atmospheric column over the Western North 
Atlantic, in relation to different aerosol emission sources, and synoptic conditions.  

 
 

METHODS 

During NAAMES, the NASA C-130 aircraft flew over the Western North Atlantic performing 10 hours 
standard flight patterns. The flight patterns included vertical spirals where the C-130 transitioned from 
high to low altitude collecting measurements as a function of altitude. Here, we examine NASA C-130 
aircraft aerosols, trace gasses and meteorological measurements collected during 37 vertical spirals. 
Additionally, we integrate the C-130 datasets with ship-based aerosol measurements to link aerosol 
property observations in the vertical column and at the surface ocean. Finally, we assess aerosol 
measurements collected in the free troposphere during periods in which the C-130 intercepted biomass 
burning plumes from Canadian wildfires.  

 
 

CONCLUSIONS 

Aerosol properties and vertical distribution over the Western North Atlantic Ocean exhibit strong 
seasonal variability. The occurrence of pristine marine conditions and new particle formation is prevalent 
in the winter (NAAMES-1) due to reduced biogenic emissions from the surface ocean and minimal 
contributions from continental sources. In the spring (NAAMES-2), the concentrations of submicron 
aerosol particles are higher as the result of strong phytoplankton activity at the surface ocean and the 
arrival of continental plumes in the free troposphere. In the summertime (NAAMES-3), the aerosol 
budget in marine boundary layer and free troposphere is largely driven by biomass burning aerosols from 
boreal wildfires (Gallo et al., 2023). Preliminary results of the influence of aged biomass burning plumes 
on the regional aerosol regime will also be discussed. 
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INTRODUCTION 

A quarter of the global population lives in South Asia, and its cities and villages have some of the worst air 

quality in the world. Advances in atmospheric measurement and analysis techniques over the last few 

decades have drastically improved the ability to understand the sources and processes that drive air pollution 

and effective ways to reduce it. Unfortunately, local capacity in these state-of-art techniques is still 

extremely limited in South Asia. The Institute for Atmospheric and Earth System Research, University of 

Helsinki (INAR-UH) and the Centre for Atmospheric Sciences, Indian Institute of Technology Delhi (CAS-

IITD) are collaborating to setup an advanced atmospheric observatory in India and perform state-of-art 

atmospheric measurements and analysis. We aim to advance air pollution science with implications for 

evidence-based policy to reduce air pollution in a highly polluted and populated region, with climate co-

benefits. 

METHODS 

INAR-UH and CAS-IITD are collaborating to setup and operationalize the atmospheric observatory at 

IITD’s Sonipat campus in the Indo-Gangetic Plain (IGP; population: 400 million). The measurement site is 

located 10 km northwest (upwind) of the Delhi-National Capital Territory, the world’s most polluted 

megacity, and also acts as a gateway of pollutants from upwind locations in the middle east, Pakistan, and 

northern states in India. This measurement station is envisioned to become the most advanced atmospheric 

observatory in South Asia which will help to answer questions pertaining to air pollution and climate change. 

Table 1 shows the list of instrumentation already installed at the site and those that are upcoming. We will 

present preliminary results from these measurements at ICNAA-2023. We will focus on the findings related 

to aerosol size (2nm–10μm) and composition, and interpret them in the context of sources, sinks, and 

meteorology. 

Parameters Instrument 

Number size distribution of ions and particles 

Neutral cluster and Air Ion Spectrometer: 

positive and negative ions 0.8– 42 nm; 

particles: 2.5–42 nm 

Scanning Mobility Particle Sizer + Optical 

Particle Sizer: 5 nm –10 µm 

PM2.5 composition Aerosol Chemical Speciation Monitor 

Black Carbon Aethalometer (upcoming) 

Aerosol scattering coefficients Nephelometer (upcoming) 

Particulate matter (mass concentration): PM1, 

PM2.5, PM10, Total PM 
Real time Environmental Monitor (upcoming) 
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Greenhouse gas measurements: CO2, CH4, 

H2O 

Cavity Ring-Down Spectroscopy Gas 

analyzers 

Trace gas concentrations: NOx, CO, O3, SO2 Gas analyzers (upcoming) 

Meteorological parameters; Global, direct, and 

diffuse radiation 

Automatic Weather Station with Pyranometer 

and Pyrheliometer 

Aerosol optical depth Aerosol Mass and Optical Depth sampler 

PBL turbulence, mixing layer height, cloud 

height, aerosol profile 
LiDAR Ceilometer 

 

Table 1. List of measurements which are operational (or will be installed soon) at the atmospheric 

observatory in Sonipat, India. 

CONCLUSIONS 

Considering the multicomponent nature of air pollution, an integrated approach is needed to tackle air 

pollution in the Indo-Gangetic Plain and across India. A holistic scientific understanding of atmospheric 

phenomena associated with air quality, or the connection between air quality and climate, is currently 

lacking. Long-term, continuous, and comprehensive observations of atmospheric aerosol properties, trace 

gases and atmospheric oxidants as well as greenhouse gases and meteorological conditions, such as those 

being planned at the Sonipat atmospheric observatory, will be crucial to India’s understanding of 

atmospheric phenomenon related to air pollution and climate change. 
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INTRODUCTION 

Measurement of Concentration Distribution and smoke particles from the ignition SSA (Sistem Semai Awan) 

conducted in TMC-Lab Puspiptek Serpong (West Java). Measurement tool used in both large, the distribution 

and concentration of particles is using Light-House (LH) which can display directly in the device monitor 

screen which is directly readable in monitoring large particles and LH is the number of particles per unit 

volume (m3). LH range of gauges can measure the smallest particles 0.3 microns to 5 microns with the details 

0.3, 0.5, 1.0, 2.5 and 5 microns. Light House (LH) is the only tool used to measure air and environment of the 

Aerosol Laboratory, PTKMR BATAN in Jakarta. Have performed measurements of the smoke particles 

SSA as much as 21 times the sampling. Once pegambilan sampling smoke take as many as 5 minutes and 

air measurements in the sampling container also takes about 5 minutes as well. In addition to measurements 

by using LH, also be measured by using the cascade Impaktor Type Anderson with 12 levels that allow 

measurement of 0.1 microns to 9 microns. It takes quite a long time, which is between 13:15 to 18:15 hrs ie 

5 hour. Impaktor can not directly read the results of measurements of the particles but must be in process later 

in kondiskan and sediment particles weighing is done at every level, so they can know the distribution of 

particles of 0.1 microns each level until the largest particles is 9 microns. Interim results of measurements 

using as many as 21 samples of LH is for 0.3 micron particles have the greatest number of particles reaching 

495 partikel/cm3 495.466.815/m3 or as much smoke and the smallest 52 partikel/cm3 51.767.763/m3 or smoke. 

While, for the measured particles 0.5 microns or 9 the highest reaches 8.969.923/m3 partikel/cm3 smoke and 

smallest partikel/m3 84,755,200 or 85 partikel/cm3. Whereas, particles measured 1.0, 2.5 and 5.0 microns in 

LH is not monitored or none at all, aka Zero. Looks peak distribution estimated to be less than 0.1 microns, 

as the "tail" distribution right (if it is considered normal) is 0.5 microns. The estimate will be proved by using 

Impaktor that can measure the smallest particles of 0.1 microns. 

 

 

METHODS 

 

As a reference and analogy in the formation of aerosols and clouds, the presence of aerosol particles  

in the atmosphere (as a back ground) will affect climatic conditions on earth, especially in the process of cloud 

formation [1, 2]. Aerosol particles from seawater evaporation not only contain the dominance of NaCl but also 

contain Calcium Cloride (CaCl2) and ammonium sulfate ((NH4)2SO4) with a diameter between 10 – 40 nm 

(0.01 – 0.04 m) in Aitken mode believed to be the source of cloud condensation nuclei (CCN) [3, 4, 5]. These 

very small particles are highly hygroscopic and easily condensed [6]. There is a linear correlation between 

condensation nuclei (CN) and cloud condensation nuclei (CCN) Above sea level, condensation nuclei 

concentrations (CN) range from 100 – 400 particles/cm3 [7]. According to research and simulation of cloud 

models, if aerosol particles in the air are less than 100 particles per cm3 and the particle size is more than 2 

microns then the cloud easily forms into rain otherwise if the dominant particles are smaller than 2 microns 

and the number of aerosols as CCN ranges from 100-400 particles / cm3 then there will be competition for the 

formation of ccn in the air,  The absorption of moisture from aerosol to CCN occurs evenly and the air becomes 

stable so that it becomes clouds for a long time and it is difficult to form rain. Based on the foregoing, it is 

necessary to understand the process of cloud formation and its characteristics. Therefore, it is necessary to 

research aerosol particles as a background and we engineer by injecting as many particles as possible and with 

a size of less than 2 microns so that there will be competition in the air so that clouds are difficult to develop 

into rain. By utilizing the equipment owned by the Aerosol Lab – PTKMR BATAN. Cooperation between 

UPT Artificial Rain and BATAN. The collaboration between UPT Artificial Rain and BATAN in this study is 
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expected to be able to provide information on the characterization of smoke particles coming out of the GPG 

chimney, so that cloud seeding with a competition system from GPG particle smoke can take place optimally. 

 

 

Figure 1. Left is Light House and Right is Impactor Cascade Anderson Sampling or sampling using 

Light House is done in stages.  

 

First the sample bag is opened, then flow the GPG particle smoke with a metal pipe and connect it to the Templar 

plastic bag and connected to an air suction generator. After the smoke containing the particles is fully filled into 

the sample bag, immediately stop the suction pump and close the bag channel so that the smoke sample does 

not escape. Next, connect Lihgt House with the sample bag channel containing the GPG particle smoke. Up to 

about 5 minutes, slowly until the smoke in the smoke sample bag begins to flow in and out of the Light House 

(LH) and begins to see the number of particles and the measured size of particles on the LH screen. 

 

 

CONCLUSIONS 

 

Interim results from measurements using Light House (Figure 2b) of as many as 21 samplings carried out that 

smoke particles from GPG with a diameter of 0.3 microns have a particle count of 495,466,815 m-3 (the most) 

or 495 cm-3 particles and 51,767,763 m-3 or 52 cm-3 particles (the smallest). Meanwhile, for particles of 0.5 

microns reached 84,755,200 cm-3 particles or 85 cm-3 particles (the most) and 8,969,923 m-3 or the smallest 9 

cm-3. So that the total particles [0.3 & 0.5] of microns amount to 547 (the most) and 94 (smallest) particles of 

cm-3. Meanwhile, particles measured with diameters of 1.0, 2.5 and 5.0 microns in the Light House were not 

significantly monitored in the order of volume (cubic [m-3] and cc[cm-3]) even ZERO or none at all (2.5 and 

5) microns. The results of measurements of the tool with the Anderson Cascade Impactor, as of this writing, 

have not been completed. If depicted on the distribution diagram (if considered) Normal, from the measurement 

results above it appears that the peak of the distribution is estimated to be less than 0.3 microns (between 0.1 – 

0.05 microns), as the right "tail" of the "normal distribution" is 1.0 and 2.5 microns. These estimates and 

assumptions will be proven using the measurement and calculation results of the Anderson Cascade Impactor 

which can measure the smallest particles of 0.1 microns, while the smallest Light House can only measure 

particles with a diameter of 0.3 microns.  
 

ACKNOWLEDGEMENTS 

Very Thanks the National Laboratory for Weather Modification - Indonesia http://wxmod.bppt.go.id/  

 

REFERENCES 
BREED, D., R. BRUINTJES, V. SALAZAR, and 

T. JENSEN, Research Aplication Laboratory, NCAR, Boulder, Co. 80307 USA, 2002. 
PUDJADI, E.,   TAKEDA,   K.,   NAKANE,   K., 

Measurement of Lead Isotope Ratios in Tree Ring Width of the P. jamaskura as a Biomonitor of Air 
Pollution, 48th Annual Meeting of The Ecological Society of Japan, p.268, 2001. 

PUDJADI, E., ROU, C., NAKANE K., Decline of 
P. mume and Change in Tree Ring Width and Heavy Metal Concentration, J. Journal of Conservation 
Ecology, Vol. 9 No.1, p.13-24, 2004. 

HARYANTO, U., Penambahan Curah Hujan Melalui Modifikasi Awan: Basis Ilmiah dan Perkembangannya, 
Workshop TMC- BPPT, Jakarta, 13 maret 2007. 

83



PHYSICOCHEMICAL PROPERTIES OF RESPIRATORY AEROSOL AND IMPLICATIONS 

FOR AIRBORNE VIRUSES 

 

ROBERT GROTH1, SADEGH NIAZI1, KIRSTEN SPANN2, GRAHAM R. JOHNSON1, and 

ZORAN RISTOVSKI1 

1School of Earth and Atmospheric Sciences, International Laboratory for Air Quality and 

Health, Faculty of Science, Queensland University of Technology, Brisbane, QLD 4000, 

Australia 

2School of Biomedical Sciences, Centre for Immunology and Infection Control, Faculty of 

Health, Queensland University of Technology, Brisbane, QLD 4000, Australia 

 

Keywords: respiratory aerosol, aerosol physicochemistry, virus transmission 

 

INTRODUCTION 

The global burden of respiratory viruses on human health is of great concern, exacerbated 

by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic. Along 

with SARS-CoV-2, other viruses such as influenza virus, human rhinovirus, and measles 

virus are known to spread through the air by means of respiratory aerosols or droplets. 

These viruses are not naked in the air but instead are embedded in particles composed of 

the fluid in which they propagate – respiratory fluid. Therefore, the chemical and physical 

properties of the respiratory aerosol microenvironment are paramount for determining the 

infectivity of airborne respiratory viruses. The solute concentration in the aerosol phase will 

increase as these respiratory particles are expired into the ambient environment which will 

generally have lower relative humidity (RH) than within the respiratory tract. This increasing 

solute concentration is concomitant with a reduction in particle size through evaporation of 

liquid water in the particle. It is therefore clear that particle composition determines both virus 

infectivity and transmission routes of airborne respiratory viruses.  

 

METHODS 

Porcine respiratory fluid (PRF) was recovered from deceased piglets. PRF was recovered 

separately from the trachea and the lungs by washing with Milli-Q water and recovering with 

a pipette. Due to differences in organ geometry and physiology, it is not simple to determine 

the amount of dilution for each PRF sample. A cell culture medium (Dulbecco’s Modified 

Eagle Medium, DMEM) was also analysed in comparison to PRF to assess the 

representativity of cell culture media to real respiratory fluid. Elemental analysis of PRF was 

performed using inductively coupled plasma optical emission spectroscopy (ICP-OES). The 

total protein concentration of PRF was measured using a BCA Protein Assay kit 

(ThermoFisher Scientific) and was used as directed by the manufacturer. The hygroscopicity 

of PRF and DMEM aerosols was measured using hygroscopicity tandem differential mobility 

analysis (H-TDMA), as discussed in previous publications (Cravigan et al., 2020; Duplissy et 

al., 2009; Groth et al., 2022; Gysel et al., 2009; Johnson et al., 2008). PRF and DMEM 

particle morphology was investigated using transmission electron microscopy (TEM) on 

Cu/formvar grids and atomic force microscopy (AFM) on Si wafers. Crystallography of PRF 

and DMEM particles were investigated using select area electron diffraction (SAED) in TEM 
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and crystallography of DMEM particles was investigated using grazing incident X-ray 

diffraction (GID) on (522) Si. Compositional analysis of PRF and DMEM aerosols was 

analysed using energy dispersive X-ray spectroscopy (EDS) and functional group analysis of 

DMEM aerosols was performed using Fourier transform infrared spectroscopy (FTIR) on Si. 

 

RESULTS 

Compositional analysis of bulk PRF and DMEM was compared as the mass ratio of sodium 

to potassium (Na:K), and the mass ratio of protein to sodium (Pr:Na) (Figure 1a). The Na:K 

ratio of lung fluid (~2:1) was statistically different from trachea fluid (~3:1). The Na:K ratio of 

DMEM (from manufacturers description) was ~16:1, which is an ~8-fold increase over PRF. 

The ratio protein content of DMEM (limited to only amino acids) to Na was ~100-fold lower 

than in PRF (Figure 1b). This indicates that there is less potassium and less protein in 

DMEM than in PRF.  

 

Figure 1. Mass ratio of sodium to potassium (Na:K) for porcine lung (L) and trachea (T) fluid (a) and mass ratio of 
proteins to sodium (Pr:Na) (b). 

Hygroscopic growth factor (GF) analysis and modelling provides estimates that the protein 

volume fraction in the aerosol phase of PRF was 0.93±0.02. The protein volume fraction of 

bulk PRF was 0.97, which indicates that the composition of the aerosols differed from the 

bulk, or that the hygroscopicity model was not suitable or too simplified to adequately 

estimate the composition. Aerosol phase organic enrichment has been reported in sea spray 

aerosol, with organic mass contributing for higher fractions of small submicron particles 

(Facchini et al., 2008; Quinn et al., 2014). Given that the bulk measurement is higher than 

the aerosol phase estimate, it is more likely that the model does not adequately capture the 

behaviour of the particles. The average GF at 90% RH (GF90) of PRF was 1.3, which is 

similar to the GF90 of in situ human respiratory aerosol reported previously, indicating that 

they are likely similar in composition (Groth et al., 2021). 
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EDS mapped electron micrographs show clustered Na, K, and Cl counts which correspond 

to spatially resolved crystals as confirmed by electron diffraction. In trachea particles, (Figure 

2, top panel) numerous spatially distinct crystals were observed. In lung particles, (Figure 2, 

bottom panel) crystals were typically observed touching. The reason for this distinction is 

unclear, but may be due to rheological properties of the particles which vary with fluid site of 

origin. The total crystal surface area in particles with numerous crystals is larger than for 

single crystals and may be unfavourable for viruses localised at the interface of the crystals 

prior to efflorescence. 

 

 

Figure 2 

CONCLUSIONS 

Numerous physical and chemical properties of bulk and aerosol phase PRF were measured 

and compared to DMEM. PRF and DMEM were not similar in any measured metric, 

indicating that cell culture media are likely not representative of respiratory fluid, and 

therefore it is uncertain if they are suitable for use in aerovirology studies. PRF, however, 

appears similar to human respiratory fluid and therefore may be a candidate surrogate for 

future work. The crystal nucleation in lung and trachea aerosols differed and may be due to 

rheological properties in the fluid. It is unclear how the physical and chemical properties of 

the pathogen microenvironment may affect the viability of an embedded virus and further 

characterisation is needed. 
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Abstract  

As a major constituent of secondary organic aerosol (SOA), low molecular weight dicarboxylic 

acids and their oxygenated analogues are ubiquitous in the atmosphere and have a non-negligible 

impact on climate. High levels of hydroxyl dicarboxylic acids (OHDCA) were observed in Hong 

Kong aerosol samples, yet the formation mechanisms remain unclear. At an urban background site 

in South China, the mean concentration of malic acid (a representative of OHDCA) was as high 

as 332.7 ng m-3, exceeding the levels reported in the literature around the world. The formation 

mechanism of OHDCA varied with atmospheric conditions. In coastal air, especially when the 

relative humidity was high, good correlation between OHDCA and sulfate was found. The 

correlation and OHDCA concentration were enhanced when sulfate distribution shifted from a 

condensation mode (μ = 360 nm) to a droplet mode (μ = 620 nm). In continental air, a significant 

rise in OHDCA was observed from morning through early afternoon, which was more pronounced 

under higher daytime increment of odd oxygen (Ox) and better correlation between OHDCA and 

Ox, indicative of photochemical origin. Therefore, aqueous and photochemical processes played 

critical role in OHDCA formation in coastal and continental air, respectively. While biogenic 

emissions could be the main precursors of OHDCA, the contribution of anthropogenic precursors 

was also evident in continental air. The OHDCA formation mechanisms probed through 

observational evidence will be an important reference for modelling the air quality and climate 

impacts of organic aerosols. 

Keywords: Hydroxyl dicarboxylic acids, Malic acid, Aqueous processes, Photochemical 

oxidation, Formation mechanisms 
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INTRODUCTION 

 

Atmospheric aerosols affect global climate both directly and indirectly (Stocker, 2014) and are known 

to have a detrimental influence on human health (Lelieveld et al., 2015). Modeling studies have suggested 

that new particle formation (NPF) dominates the number concentration of particles and is an important 

contributor to cloud condensation nuclei (CCN) in the global atmosphere (Merikanto et al., 2009; Gordon 

et al., 2017). In terms of aerosol mass, it has been shown that a significant fraction is composed of secondary 

organic aerosol (SOA; Zhang et al., 2007; Jimenez et al., 2009; Hallquist et al., 2009). In both NPF and 

SOA formation processes, oxygenated organic molecules (OOMs) have been acknowledged as an important 

contributor, and thus, advanced understanding of OOMs is crucial. 

Up until now, the majority of reported sites in the lower troposphere with OOM measurement are non-

urban areas, such as forest, agricultural pasture, and countryside, where the most abundant OOM species 

are oxidized products from monoterpenes and isoprene. In the boreal forest of southern Finland, the reported 

OOM concentration was the highest in summer (4.6 × 108 cm−3; Huang et al., 2021), followed by autumn 

(8.0 × 107 cm−3; Zha et al., 2018) and spring (∼ 4.0 × 107 cm−3; Yan et al., 2016; Roldin et al., 2019; Bianchi 

et al., 2017). The level of OOMs also varied significantly at different sites. In Melpitz agricultural forest of 

central Europe, the OOM concentration (2.5 × 108 cm−3 in summer; Mutzel et al., 2015) was comparable 

with that in Hyytiälä, while in the Alabama forest of the United States, the OOM concentration was much 

higher (4.8×109 cm−3 in summer; Massoli et al., 2018; Krechmer et al., 2015), possibly due to higher UVB 

and temperature. Besides, monoterpene OOMs at agricultural–rural mixed Vielbrunn were also detected 

(3.6×106 cm−3 in spring), and results showed that many other unidentified species also took a large fraction, 

especially at night (Kürten et al., 2016). All of these studies highlight the importance of OOM measurement 

worldwide. Several urban observations were also reported (Brean et al., 2019; Ye et al., 2021). Although 

they showed that OOMs in Chinese urban cities contain a significant fraction of compounds with six to nine 

carbons, and that many contain nitrogen, they either reported concentrations of a few chosen species or just 

spectral signals. Moreover, due to the limitation of short measurement periods, they were incapable of 

exploring the seasonal behavior of OOM concentration and detailed composition, which are crucial for fully 

evaluating their potential contribution to the growth of SOA. 

Here, we studied the OOMs measured by a CI-APi-TOF mass spectrometer using nitrate (NO3
-) as 

reagent ions. The dataset covers four seasons of Year 2019. The seasonal variations of OOM concentration, 

molecular composition, volatility distribution, and potential SOA contribution were systematically 

investigated. With a newly developed workflow, we traced their potential sources, including aromatics, 

aliphatics, monoterpenes, and isoprene. Finally, the relative contribution of anthropogenic and biogenic 

OOMs in different seasons were also evaluated. 
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METHODS 

 

A recently developed workflow, based on the molecular composition as well as the up-to-date knowledge 

of atmospheric OOM formation chemistry, was used for retrieving their possible sources (Xu et al., 2021; 

Nie et al., 2022). In this approach, mass spectral binning combined with positive matrix factorization 

(binPMF) (Zhang et al., 2019) needs to be performed first to extract the factor of monoterpene OOMs. 

However, as performing binPMF is time-consuming and not suitable for large data sets as used in this study, 

we replaced the binPMF step by the criteria of nC=10, nOeff≥4, and 2≤DBE≤4 (Fig. 1) for the selection 

of MT OOMs. Such standards were set based on their reported composition (Ehn et al., 2012; Yan et al., 

2016; Jokinen et al., 2014; Boyd et al., 2015; Berndt et al., 2016; Berndt et al., 2018). Here, nC is the carbon 

number. nOeff (= nO–2×nN) is the effective oxygen number, which subtracts the number of oxygen bonded 

to nitrogen by assuming that all nitrogen atoms are in the form of nitrate groups (−ONO2) or peroxynitrate 

nitrate group (-OONO2). To our best knowledge, this is the common case for all nitrogen-containing 

compounds formed through the reaction between RO2 and NOx (Orlando and Tyndall, 2012; Seinfeld and 

Pandis, 2016). 

DBE denotes the double bond equivalence and is calculated as (2nC+2–nH–nN)/2, which is the same 

as the term degree of unsaturation. The DBE of OOM molecule is influenced by both precursor and 

oxidation processes. For example, aromatic VOCs have DBE values no smaller than 4. For their oxidation 

products, a previous study has shown that under OH exposures equivalent to approximately 10-15 days in 

typical atmospheric conditions, they possess DBE values no smaller than 2 (Garmash et al., 2020). The 

reported MT OOMs also have DBE values the same as those of aromatic OOMs, making them difficult to 

distinguish. According to laboratory studies, the majority of monomer products from monoterpene oxidation 

are C10 compounds (Yan et al., 2020). Measurement results also showed that the concentration of C10 

aromatic VOCs is very low (Zhang et al., 2017) compared with other C6-C9 ones. Therefore, those C10 

OOMs with DBE values from 2 to 4 are most likely MT OOMs. For OOMs with DBE values smaller than 

2, neither aromatics nor monoterpenes oxidation could explain their formation. Hence, the precursors of 

those OOMs should be the ones without aromatic rings and have smaller DBE values, such as alkanes, 

alkenes, and some unsaturated oxygen-containing VOCs (OVOCs). OOMs with DBE values of 2 are rather 

complex. Their precursors could be aromatics, aliphatics, or other unknown sources, and a detailed 

discussion of the classification criteria could be found in Nie et al. (Nie et al., 2022). By performing this 

revised workflow, OOMs were finally divided into five groups: isoprene (IP) OOMs, monoterpene (MT) 

OOMs, aromatic OOMs, aliphatic OOMs, and a small amount of undistinguished OOMs (6-9 %) that cannot 

be classified into those four types. 

 
Figure 1. Workflow for retrieving OOM sources. “IP OOMs” represents isoprene-derived OOMs. nOeff and nN are 

the numbers of effective oxygen and nitrogen in each OOM molecule, respectively. “Y” and “N” denote “Yes” and 

“No”, respectively. 
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RESULTS AND CONCLUSIONS 

 

The OOM concentration in urban Beijing was found to be the highest in summer (1.6×108 cm-3), followed 

by autumn (7.9×107 cm-3), spring (5.7×107 cm-3) and winter (2.3×107 cm-3), suggesting that enhanced photo-

oxidation together with the rise of temperature promote the formation of OOMs. By performing the 

workflow, OOMs were classified into four types: aromatic OOMs, aliphatic OOMs, isoprene OOMs, and 

monoterpene OOMs. Among them, aromatic OOMs (29-41 %) and aliphatic OOMs (26-41 %) were the 

main contributors in all seasons. The aerosol dynamic model also showed that aromatic (46-62 %) and 

aliphatic (14-32 %) OOMs were found to be dominant contributors to SOA regardless of seasons. In 

comparison, the two biogenic ones, MT OOMs (8-12 %) and IP OOMs (3-5 %), have smaller contribution 

in all four seasons. This indicates that the formation of SOA through condensation in urban Beijing is 

dominated by anthropogenic sources, which is in line with the previously reported SOA composition (Le 

Breton et al., 2018; Mehra et al., 2021). Our results suggest that in order to control the formation of SOA, 

the emission of anthropogenic VOCs, especially aromatics, should be restricted with a high priority. 

 
Figure 2. (A) OOM concentration vs. temperature at various lower tropospheric sites during daytime (07:00 – 17:00). 

Data points are colored by theoretical global radiation (GlobRad). Square, circle, and triangle markers represent urban, 

suburban, and forest areas, respectively. The gray error bars show standard deviations (1σ). (B) Fraction of source-

classified OOMs in four seasons. The abbreviations “IP” “MT” “Aro” “Ali” and “Un” stand for IP OOMs, MT OOMs, 

aromatic OOMs, aliphatic OOMs and undistinguished OOMs respectively. “Win” “Spr” “Sum” and “Aut” represent 

winter, spring, summer and autumn separately. 

 
Figure 3. Estimated condensation flux contribution of four source-classified OOMs in four seasons. The abbreviations 

“IP” “MT” “Aro” “Ali” and “Un” stand for IP OOMs, MT OOMs, aromatic OOMs, aliphatic OOMs and 

undistinguished OOMs respectively. 
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INTRODUCTION 

 

Atmospheric aerosols at high concentrations have caused severe environmental problems in many Northeast 

Asia countries. Inhaling high concentration aerosols such as PM2.5 (particulate matters smaller than 2.5 m 

in the aerodynamic particle size) can increase the mortality rate and cause cancers. It is well known that 

secondary aerosols synthesized in the atmosphere through photochemical reactions occupy more than 75% 

of PM2.5. Therefore, understanding the secondary aerosols formation mechanism in the atmosphere is 

important to mitigate the environmental issues related to PM2.5 in Northeast Asia. The new particle 

formation (NPF) in the atmosphere is generally depending on the seasonal and regional conditions. In this 

study, we measured the particle number size distributions (PNSDs) in real-time in Seosan (SS, rural) and 

Seoul (SE, urban) in South Korea for winter and summer and calculated formation and growth rates based 

on the PNSDs to understand NPF processes in the two different kinds of cities in South Korea. 

 

METHODS 

 

As a part of the Fine particle Research Initiative in East Asia Considering National Differences (FRIEND) 

Project, the real-time aerosol measurement campaigns were conducted at SS and SE sites during 2020/12/15 

- 2021/01/15 (winter) and 2021/06/01 - 2021/06/30 (summer) by deploying nano- and regular-scanning 

mobility particle sizers (NSMPS and RSMPS, respectively) and aerodynamic particle sizer (APS). A beta 

attenuation monitor (BAM) was also used to monitor the real-time PM2.5 mass concentration (CPM2.5). The 

wide-range PNSDs of PM2.5 were obtained by merging the PNSDs measured by NSMPS, RSMPS and APS 

(Ha et al., 2023). 

Based on the wide-range PNSDs, formation and growth rates (FR and GR, respectively), condensation and 

coagulation sinks (CS and CoagS, respectively) were calculated for investigating the NPF processes at the 

two sites in South Korea. FRs were calculated at the 3 nm particles (the smallest particle size measured by 

NSMPS) through the following equation (Kulmala et al., 2012), 

𝐹𝑅 = 𝐽3 = (
𝑑𝑁3

𝑑𝑡
+ 𝐶𝑜𝑎𝑔𝑆3 ∙ 𝑁3 +

𝐺𝑅3

𝛥𝑑𝑝
∙ 𝑁3 + 𝑆𝑙𝑜𝑠𝑠𝑒𝑠) × 10−6, 

where dN3/dt is the change in the total number of particles in the 3 nm particle size bin per unit time (dt is 

300s in this study) (particles·m-3·s-1), N3 is the total number of 3 nm particles, CoagS3 is the scavenging rate 

through coagulation of 3 nm particles (particles·s-1). GR3 is the growth rate (m·s-1) of the particle in the 3 

nm size bin, Δdp is the length of the particle size bin (m), Slosses is the total loss of particles (assumed as zero 

in this study), and 10-6 used for unit correction from international system units (SI) to cm-g-s unit system 

(CGS). When calculating FR, GR3 was assumed to be same as GR3–7 (GR between 3 and 7 nm), thus using 

GR3–7 for GR3. The 50% appearance time method was used for calculating GRs (Kulmala et al., 2012). CSs 

and CoagSs were calculated through the equations as (Deng et al., 2020; Kulmala et al., 2012), 
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𝐶𝑆3 = 2𝜋 ∙ 𝐷𝐻2𝑆𝑂4
∙ ∑ 𝛽𝑚,𝑑𝑝

∙ 𝑑𝑝 ∙ 𝑁𝑑𝑝

𝑑𝑝,𝑚𝑎𝑥

𝑑𝑝=3 𝑛𝑚 , 

𝐶𝑜𝑎𝑔𝑆3 ≅ ∑ 𝐾(𝑑𝑝, 𝑑𝑝
′ ) ∙ 𝑁𝑑𝑝

′
𝑑𝑝

′ =𝑑𝑝,𝑚𝑎𝑥

𝑑𝑝
′ =𝑑𝑝=3 𝑛𝑚

, 

where DH2SO4 is the diffusion coefficient of sulfuric acid (H2SO4) molecules (m2·s-1), βm,dp is the transition-

regime correction factor at size bin has particle size (dp) as the midpoint, Ndp is the number concentration of 

particles in the size bin, which has dp as the midpoint (particles·m-3), and K(dp, dp′) is the coagulation 

coefficient of particle sizes with dp and dp′. 

 

RESULTS AND DISCUSSION 

 

Both SS and SE sites showed 1.2~1.4 times more frequent NPF occurrences in winter than summer (Figure 

1). In addition, NPF was more frequently observed at SE site than SS, where gaseous precursors for 

secondary aerosol formation were more abundant as an urban site. However, NPF did not occur at PM2.5 

mass concentrations higher than 35μg·m-3, due to the suppression effects of pre-existing PM2.5 particles. The 

high concentration pre-existing particles prohibited NPF by intercepting condensable gas molecules and 

scavenging the freshly formed tiny nuclei. This can be clearly seen through the relationship between CS, 

CoagS, and CPM2.5. 

 

 
Figure 1. New particle formation (NPF) frequencies at Seosan (SS) and Seoul (SE) sites, South Korea during winter 

and summer measurements. 

 

CS and CoagS generally followed the temporal changes of CPM2.5 during the winter and summer campaigns 

as shown in Figure 2. Both CS and CoagS were higher in winter than in summer. Even though CS shows 

the similar trend with CoagS, CoagS values were 10 times lower than CS ones. Once NPF occurred, CS and 

CoagS increased with CPM2.5. Then, NPF disappeared as CPM2.5 was higher than 35 μg·m-3 due to the high 

concentration of pre-existing particles.  

 

 
Figure 2. Merged number size distributions of the atmospheric particles (PNSDs) from 3 nm to 2.5 μm with the PM2.5 

mass concentrations (CPM2.5) measured at Seosan (SS) and Seoul (SE) sites, South Korea as well as corresponding 

condensation and coagulation sinks (CS and CoagS) for the sites during the winter and summer campaigns. The black 

solid lines in PNSDs represent CPM2.5, and the black dashed lines in PNSDs indicate CPM2.5 = 35 μg·m-3. 
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CS and CoagS showed larger values at SS site than SE site in winter as shown in Figure 3, because the 

average CPM2.5 at SS (31.4 μg·m-3) was higher than that at SE (23 μg·m-3) in winter. Whereas, SS and SE 

had similar CPM2.5 values (SS: 21.7 μg·m-3, SE: 25.5 μg·m-3) in summer. Then, the two sites had similar CS 

and CoagS values in summer. Interestingly, the average CPM2.5 at SE site was higher in summer (25.5 μg·m-

3) than in winter (23 μg·m-3). Even though similar level CPM2.5 values were observed at SE in both seasons, 

CS and CoagS were higher in winter than in summer. This might be related to the total number concentration 

of PM2.5 particles (Ntot, 3 nm ~ 2.5 μm). The mean Ntot in winter (29.4 × 103 particles·cm-3) was about three 

times higher than that in summer (9.4 × 103 particles·cm-3) at SE site. Because CS and CoagS are strongly 

affected by the number of pre-existing particles, the higher Ntot in winter might scavenge more fresh nuclei 

and gaseous precursors, thus suppressing NPF and increasing CS and CoagS. When CS and CoagS are 

compared in terms of the occurrence of NPF (NPF vs non-NPF days), both CS and CoagS were higher 

during non-NPF days than NPF days in winter. However, the differences between NPF and non-NPF days 

were not significant in summer at both sites. 

 

 
Figure 3. Seasonal variations of condensation and coagulation sink (CS and CoagS) for NPF, non-NPF and all days at 

Seosan (SS) and Seoul (SE) sites during the winter and summer campaigns. The whiskers are adjacent data points, and 

box edges are 1st and 3rd quartiles. Red lines and diamond markers represent median and mean values, respectively. 

 

GRs were generally higher in summer than winter in both sites. When GRs for the two sites were compared 

to each other, SE showed higher values than SS in winter, but lower in summer. For SE site, the GRs in 

summer were slightly higher than in winter for all formation stages. Meanwhile, the GRs for SS site 

drastically increased compared to those in winter (Figure 4a). FRs at SS and SE sites were higher in summer 

and winter, respectively (Figure 4b). Compared to other Chinese megacities (Beijing, Shanghai, and Nanjing) 

reported in the literature, GRs were similar levels among those observed in the Chinese cities. In addition, 

FRs (J3) were similar to Shanghai's J3 values (Deng et al., 2020; Yao et al., 2018; Yu et al., 2016). 

 

 
Figure 4. a) Growth rates (GR) calculated from the merged number size distributions at Seosan (SS) and Seoul (SE) 

sites during the winter and summer campaigns, in the three stages of the nucleation mode (3–7, 7–15, and 15–25 nm; 

GR3–7, GR7–15, and GR15–25). b) Seasonal variations of daily maximum formation rates (FRs, or J3) for SS and SE sites. 

The whiskers are adjacent data points and box edges are 1st and 3rd quartiles. Red lines and diamond markers represent 

median and mean values, respectively. 

CONCLUSIONS 

 

In this study, real-time measurement campaigns were conducted in winter and summer seasons at two 

Korean sites Seosan and Seoul (SS and SE). Both regions showed higher NPF frequency, CS and CoagS 
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values in winter than in summer. Furthermore, CS and CoagS values were higher during non-NPF days than 

NPF days in winter, which were strongly influenced by pre-existing particles and suppressed NPF 

simultaneously. However, CS and CoagS were similar between two sites, regardless of NPF occurrence. 

Other factors related to gaseous precursors, atmospheric temperature, relative humidity, solar radiation, 

wind speed and direction also should be considered together for understanding NPF in South Korea. FR and 

GR also showed spatiotemporal differences at the two sites. SS showed dramatic increase of FR and GR in 

summer, compared to winter. However, SE showed different trend of FR and GR with SS. Further study is 

needed to figure out the reasons for the spatiotemporal differences on the physical properties related to NPF 

in South Korea, by considering meteorological data together.  
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INTRODUCTION

The past decades of experimental research on homogeneous gas-phase nucleation have led to an
accumulation of information regarding the specific onset conditions (pressure P and temperature
T ) of different condensing vapors (from monatomic argon to large n-alkanes) nucleating at various
rates. The recent measurements probing the most extreme conditions (low T and high nucleation
rates) crucially complement the existing data sets, and this enables us to extensively reanalyze the
observed nucleation events and revisit the nucleation models based on scaling laws.

In classical nucleation theory (CNT), the nucleation rate J depends on the work required to form
a critical cluster consisting nc monomers, W (nc):

J = CP 2 exp

(
−W (nc)

RT

)
, (1)

where C is a kinetic factor and R is the gas constant. Previous scaling theories based on Eq. (1)
(McGraw, 1981; Hale, 1986, 1992) are derived from the principle of corresponding states: properties
of different systems are similar when the variables are normalized against their critical values, e.g.,
T ∗ = T/Tc, P ∗ = P/Pc. Fundamentally, this idea of universality helps us to locate the coexistence
curve of two equilibrium phases by constructing a general equation of state, feq(T

∗, P ∗) = 0.
Similarly, one can try to locate metastable states by formulating a nonequilibrium equation of state
by introducing an extra variable (as required by Gibbs’ phase rule). A convenient choice to describe
a nucleating nonequilibrium system is its nucleation rate J (reduced to Jc ≡ CP 2

c ):

fnoneq(T
∗, P ∗, J∗) = 0. (2)

Yet, even in equilibrium, only a rather limited group of compounds and their properties can be
accurately described solely with parameters T ∗ and P ∗. An often-used parameter to improve the
capture of the similarities between systems is Pitzer’s acentric factor, which assesses the differences
in molecular geometries. More recently, Noro and Frenkel (2000) showed that the generality of
phase-coexistence predictions is enhanced by extending the corresponding-states analysis with the
system’s characteristic range of attraction R. In this work, we show, by analyzing over 30 sets
of data covering 12 different nonpolar compounds,∗ that the onset of unary nucleation can be
conveniently generalized with an extended corresponding-states scaling model.

CLASSICAL LIQUID DROP MODEL AND EMPIRICAL RELATIONS

Classically, the work required for the formation of a spherical n-cluster is partitioned between
volume (∝ n) and surface (∝ n2/3) contributions as follows

W (n)

RT
= −(n− ι) ln

P

Peq
+ (n

2/3 − ι)
A1σ

RT
. (3)
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In CNT ι = 0, whereas in the self-consistent theory ι = 1 (Girshick and Chiu, 1990). Here, instead
of using measured values for the equilibrium vapor pressure Peq or the surface energy A1σ, W (n),
and its temperature dependence in particular, is analyzed with well-known empirical relations: The
Clausius-Clapeyron equation for Peq can be given in terms of boiling point entropy of vaporization
(∆sv = ∆H/RTb) and the Guldberg factor (fG = Tb/Tc, for most liquids about 2⁄3):

ln
Peq

Pc
= −∆H

R

(
1

T
− 1

Tc

)
= −∆ss

R
fG

(
1

T ∗ − 1

)
= −AX. (4)

Whereas, the Eötvös rule states the surface term in Eq. (3) is a function of surface entropy (∆ss):

A1σ

RT
=

∆ss
R

(
1

T ∗ − 1

)
= BX, (5)

where X = 1/T ∗−1. The corresponding-state laws given by Eqs. (4) and (5) suggests that the basic
thermodynamics of a liquid cluster can be generally characterized via constant quantities A and
B. The relevant parameters for the studied compounds are given in Table 1.

ONSET PRESSURE AND CORRESPONDING-STATES CORRELATION

Against the convention, here we concentrate on studying the onset pressures in particular instead
of the nucleation rates. According to Eqs. (1) and (3)–(5), the onset pressure for some nc is

ln
P (nc)

Pc
=

ln J∗ − (nc − ι)AX + (n
2/3
c − ι)BX

nc + 2− ι
. (6)

Due to the algebraic effort and general convenience of limiting nc to natural numbers, the actual
pressure inducing nucleation at some rate J∗ at T ∗ is solved numerically:

lnP ∗ = max

[
ln

P (nc)

Pc

]
. (7)

Thus, if the critical cluster is very large and J is considered to be relatively constant, lnP ∗ ∝ −AX.
This linear behavior is indeed often seen in the so-called Volmer plots where lnP is presented against
T−1. When approaching rather small nc, such linearity breaks down as demonstrated recently by
Dingilian et al. (2021) in their analysis of CO2 nucleation.

Tb Tc fG ∆sv/R A B B/A R
Argon 87.3 150.7 0.58 8.9 5.1 7.7 1.49 0.48
Nitrogen 77.4 126.2 0.61 8.7 5.3 8.2 1.54 0.55
CO2 194.7 304.1 0.64 10.4 6.7 10.2 1.52 0.38
SF6 209.4 318.7 0.66 10.2 6.7 9.7 1.44 0.28
Toluene 383.8 591.9 0.65 10.4 6.7 10.5 1.55 0.37
Propane 231.0 369.9 0.63 9.9 6.2 9.6 1.55 0.48
n-alkanes:

Pentane 309.2 469.7 0.66 10.0 6.6 10.5 1.59 0.40
Hexane 341.9 507.5 0.67 10.2 6.8 10.8 1.58 0.42
Heptane 371.5 540.1 0.69 10.3 7.1 11.1 1.57 0.38
Octane 398.8 568.7 0.70 10.4 7.3 11.5 1.57 0.37
Nonane 424.0 594.2 0.71 10.5 7.5 11.8 1.57 0.37
Decane 447.3 618.1 0.72 10.6 7.7 12.1 1.57 0.38

Table 1: Thermodynamic properties of studied compounds: boiling (Tb) and critical temperature (Tc),
the Guldberg factor (fG), entropy of vaporization (∆sv/R), the apparent entropy of vaporization (A =
∆svfG/R), and surface entropy (B = ∆ss/R). The dimensionless hard-sphere equivalent ranges of attraction
R are estimated for the Mie-models by Dufal et al. (2015) using the method by Noro and Frenkel (2000).
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Figure 1: Corresponding-states presentation of the nucleation onset pressures of nonpolar vapors nucleating
at the rate of J ≈ 1017±2 cm−3s−1. The solid and dashed lines correspond to the theoretical predictions
given by Eqs. (6) and (7).

In Figure 1, the onset data from various experiments for nonpolar compounds (listed in Table 1),
corresponding to J ≈ 1017±2 cm−3s−1, are presented with the theoretical predictions given by
Eqs. (6) and (7). For all systems, the reference rate Jc ≈ 1034 cm−3s−1. Firstly, the different
systems are roughly grouped into two distinct groups based on their respective thermodynamic
features: A ≈ 5 and B ≈ 8 (Ar and N2), and A ≈ 7 and B ≈ 10.5 (others). Secondly, with these
parameters, the predicted lnP ∗ agree very well with the experimental values, but only when the
limiting self-consistency is guaranteed, i.e., ι = 1. Already at moderate supercooling, X ≈ 2, the
values obtained for ι = 0 diverge from the experimental data indicating that the CNT formalism
for W (n) inadequately describes the thermodynamics of the clusters.

RANGE OF ATTRACTION AND KINETIC LIMIT OF NUCLEATION

According to Figure 1, the given prediction holds even at the very low T (high X), and the observed
grouping is due to similar A, B, and J . Furthermore, for all systems B/A ≈ 1.5 (Table 1). So, at
the kinetic limit, where W (n = 2) → 0 and nc → 1, the following holds (assuming ι = 1)

lnP ∗
kin =

ln J∗

2
= AXkin

[(
2
2/3 − 1

) B
A − 1

]
. (8)

Thus, the extremum of Eq. (6) can thus be expressed as a function of B/A and Xkin = Tc/Tkin − 1,

lnP ∗

lnP ∗
kin

=
lnP ∗

1/2 ln J∗ = min





1

nc + 1


2 + X

Xkin

(
n

2/3
c − 1

)
B
A + 1− nc

(
22/3 − 1

) B
A − 1





 . (9)

Since the second virial coefficient B∗
2 (reduced to |B2(Tc)| ≡ RTc/Pc) describes the abundance of

dimers in equilibrium, the temperature parameter Xkin can be determined for J∗:

−B2(Tkin)

RTkin
=

exp (−W (2)/RTkin)

Pkin
⇒ B∗

2(Tkin)
Tc

Tkin
= J∗−1/2. (10)

As demonstrated by Noro and Frenkel (2000), for simple systems B∗
2 is a function of compound-

specific R. The monomer–monomer interactions, used to determine B∗
2 , are conveniently com-

putable in a conformal manner for the studied compound using the Mie potential (Dufal et al.,
2015) (listed in Table 1). And a numerical analysis of Eq. (10) further reveals that XMie

kin ≈
−(1.1R+0.1) lnJ∗. As shown in Figure 2, the experimental values of lnP ∗/1/2 ln J∗ over a range of
different systems and various J (from 103 to 1022 cm−3s−1) scale universally with respect to X/XMie

kin

and agree extremely well with the extended corresponding-states formulation given by Eq. (9).

If the analysis is performed in terms of B2 instead of more intuitive R, Eq. (9) is equally applicable
for strongly associated polar systems, with highly orientation-dependent interactions. For each
compound, however, the accuracy of B2 should be assured by quantum mechanical calculations as
phenomenological parametrizations of B2 are not valid at temperatures relevant for nucleation.
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Figure 2: Experimental (symbols same as in Figure 1) and theoretical values for lnP ∗/ lnP ∗
kin as a function

of the “Mie” temperature parameter X/XMie
kin (left) and with respect to each other (right). The shaded areas

on the right-hand side panel indicate the corresponding range of critical cluster sizes minimizing Eq. (9).

CONCLUSIONS

A general nonequilibrium equation of state for homogeneous nucleation can be formulated for non-
polar compounds with variable range attraction using the classical nucleation framework, Eq. (1),
with some thermodynamic empiricism, Eqs. (4) and (5). However, as a degree of atomistic realism is
introduced via R , the presented approach is fundamentally different from CNT (e.g., the obtained
nc are not equivalent with the Gibbs–Thomson equation). While different finite-size corrections
on Eq. (3) affect significantly the predicted J , by focusing on the most rudimentary experimental
data (onset P and T ) the key thermophysical relationships and factors involved in gas-phase nu-
cleation can be identified. Ultimately, our analysis reveals the most profound similarities among a
diverse set of nucleating systems. In addition, the results help us, e.g., to elucidate the (previously
unknown) reasons for the apparent predictive power of Hale’s scaling formalism (Hale, 1986, 1992).
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Dingilian, K. K., Lippe, M., Kubečka, J., Krohn, J., Li, C., Halonen, R., Keshavarz, F., Reischl,
B., Kurtén, T., et al. (2021). New particle formation from the vapor phase: From barrier-
controlled nucleation to the collisional limit. J. Phys. Chem. Lett., 12(19):4593–4599.

Dufal, S., Lafitte, T., Galindo, A., Jackson, G., and Haslam, A. J. (2015). Developing
intermolecular-potential models for use with the SAFT-VR Mie equation of state. AIChE
Journal, 61(9):2891–2912.

Girshick, S. L. and Chiu, C.-P. (1990). Kinetic nucleation theory: A new expression for the rate of
homogeneous nucleation from an ideal supersaturated vapor. J. Chem. Phys., 93(2):1273–1277.

Hale, B. N. (1986). Application of a scaled homogeneous nucleation-rate formalism to experimental
data at T ≪ Tc. Phys. Rev. A, 33(6):4156.

Hale, B. N. (1992). The scaling of nucleation rates. Metall. Trans. A, 23(7):1863–1868.

McGraw, R. (1981). A corresponding states correlation of the homogeneous nucleation thresholds
of supercooled vapors. J. Chem. Phys., 75(11):5514–5521.

Noro, M. G. and Frenkel, D. (2000). Extended corresponding-states behavior for particles with
variable range attractions. J. Chem. Phys., 113(8):2941–2944.

*Experimental data is from the following publications: S. Sinha, A. Bhabhe, H. Laksmono, J. Wölk, R. Strey, and B. Wyslouzil,
J. Chem. Phys. 132, 064304 (2010). K. Iland, J. Wölk, R. Strey, and D. Kashchiev, J. Chem. Phys. 127, 154506 (2007). A. Fladerer and
R. Strey, J. Chem. Phys. 124, 164710 (2006). G. Koppenwallner and C. Dankert, J. Phys. Chem. 91, 2482 (1987). A. Bhabhe and B. Wyslouzil,
J. Chem. Phys. 135, 244311 (2011). K. Iland, J. Wedekind, J. Wölk, and R. Strey, J. Chem. Phys. 130, 114508 (2009). K. K. Dingilian, R. Halonen,
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INTRODUCTION 
 
Marine cloud brightening (MCB) is a potential regional atmospheric-engineering strategy to reduce 
environmental stress on the Great Barrier Reef during marine heatwaves. Atmospheric, biogeochemical, 
and ecological modelling have been undertaken and suggest that the potential exists to reduce light and 
thermal stress that cause coral bleaching. Despite three decades of theoretical research into MCB as a solar 
radiation management technology, until now there have been no outdoor field experiments directly 
evaluating the concept. In this talk I will give an overview of the Australian research program with a focus 
on the field measurements of characteristics of the sea salt aerosol spray produced and preliminary results 
of its impact on cloud microphysical properties.   
 

METHODS 
 

We have now progressed development of seawater atomisation technology to a scale which allows us to 
empirically examine foundational assumptions of MCB. These include the ability to generate sufficient 
sea salt aerosols within a suitable size range and reliance on natural mixing processes to transport them to 
cloud base height. A major focus of the research program us under what conditions the cloud 
microphysical response is favorable in terms of increased droplet number concentration, reduced droplet 
radius, any impacts on cloud liquid water and ultimately enhancement to cloud albedo. We have 
conducted 3 experimental campaigns within the Great Barrier Reef Marine Park with a 4th to take place 
during February and March 2023. The campaign in 2023 will involve 2 research vessels, 2 GBR island 
research stations, and will be the first to make use of a Cloud Microphysical Aircraft to sample within 
perturbed and unperturbed clouds and compare with satellite observations.  

 
CONCLUSIONS 

 
This talk will provide an overview of the results of the Australian Marine Cloud Brightening program 
focusing on the results of the most recent field campaigns in 2022 and early 2023. In the 2022 campaign 
we demonstrated for the first time the ability to generate sufficient quantities of sea salt aerosols and 
observed their dispersion and transport to cloud base height. Using ship-based LiDAR we clearly tracked 
the vertical mixing of the plume and with aircraft we observed just below cloud base a region of around 10 
km2 of elevated aerosol concentrations ~1000 cm-3 over background. The cloud microphysical response to 
the perturbation is expected to be elucidated during the 2023 campaign with the expectation of some very 
preliminary results available for this talk.  
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From its inception our research program has involved consultation,  participation, and the consent of 
indigenous traditional custodians of the reef and has proceeded within the regulatory oversight of one of 
the world’s most actively managed marine estates.  
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ABSTRACT 

 
Our work on aerosol-cloud-radiation interactions over the Great Barrier Reef as part of the Reef 
Restoration and Adaptation Program became hamstrung by the lack of a suitable aerosol and cloud 
microphysics equipped aircraft platform in Australia. The use of unmanned aerial vehicles and small 
manned motorized gliders fitted with aerosol counting and sizing equipment fulfilled some initial project 
objectives but were not capable of collecting the comprehensive datasets required to examine key 
hypothesis. To address this critical infrastructure gap, Southern Cross University has purchased a Cessna 
337 aircraft and outfitted it with a comprehensive suite of meteorological, aerosol, and cloud microphysics 
instrumentation. Both the choice of aircraft platform itself and the implementation of the instrumentation, 
navigation, and computer infrastructure fit out were designed from the outset to be as flexible as possible, 
to potentially serve other airborne scientific roles in the future. We hope that this new piece of research 
infrastructure can be of benefit to the Australian aerosol and cloud microphysics research communities in 
addition to filling the immediate need for our own project.  
 

 

 
Figure 1: Aircraft sampling platform showing major external instrumentation 

AIMMS - Meteorology & 3D winds

CCP - Cloud microphysics

RackAerosol pod – OPC and inlet

Cameras
Radiatiometer

SCU Cessna 337 - Skymaster
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Figure 2: Flow diagram of the aerosol instrumentation accessing sample air from the isokinetic inlet in the underwing 
pod, and cabin 
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INTRODUCTION 

 

Marine Cloud Brightening (MCB) is a proposed climate intervention with the goal of maintaining current 

world temperatures in the face of climate change. More specifically MCB is a solar radiation management 

technique aimed at enhancing cloud albedo of low-level marine clouds (Latham et al. 2012). By increasing 

the available cloud condensation nuclei (CCN) available as the clouds form, the effective cloud droplet 

radius is decreased whilst the cloud droplet number increases (Hoffmann et al. 2021). The greater number 

of cloud droplets would reduce the solar radiation reaching the surface of the ocean, decreasing the heat 

forcing in the sea surface and reducing temperature (Stjern et al. 2018).  

 

More recently Marine Cloud Brightening has been proposed as a method to reduce the impact of marine 

heatwave conditions on coral reefs such as the Great Barrier Reef (Latham et al. 2013). Coral reefs 

throughout the world have faced repeated mass bleaching events from marine heatwaves, exacerbated by 

climate change and rising sea temperatures (Hughes et al. 2017). The Australian Great Barrier Reef has 

recorded recurrent mass bleaching events in recent years.  

 

The most technologically feasible method of increasing the available CCN within marine clouds over 

large regions is spraying sub micrometer sized seawater droplets at sea surface and relying on turbulent 

mixing for transport through the marine boundary layer (Salter et al. 2008). However, this method would 

require the production of an extremely large number of particles in order to increase the total amount of 

aerosols within the boundary layer by a sufficient quantity. There remains some discussion on how much 

of an increase over background particles would be required and thus what a single MCB ‘station’ should 

be capable of producing, with estimates ranging from 1015-1016 (Latham et al. 2012) to 1017 (Cooper et al. 

2013) particles per second.  

 

Additionally, produced particles must be within a narrow size range which is both optimized for energy 

efficiency and for effectiveness to act as CCN. Connolly et al. (2014) carried out a study into the most 

effective sized particle for a range of spraying methods with regard to energy consumption and concluded 

that particles with diameters from 30-100nm were optimal. This is in approximate agreement with several 

other papers which range in ideal particles diameters from 35nm (Cooper et al. 2013) to 200nm (Salter et 

al. 2008) dry particle diameter. Similarly, Latham et al. (2012) suggests that salt particles with a mass 

greater than 5-7 x 10-20kg (35-40nm dry sphere diameter) are large enough to be activated into CCN. 
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METHODS 

 

 

NOZZLE TESTING 

Nozzles were evaluated for their efficacy in terms of Marine Cloud Brightening within a small, 0.6m 

diameter, flow through wind tunnel with a range of aerosol sizing instrumentation. A Brechtel Scanning 

Electrical Mobility Sizer (SEMS) and a TSI Aerodynamic Particle Sizer (APS) were used in parallel to 

produce a complete size distribution of the aerosol plume from 10-5000nm dry aerosol diameter. And a 

Brechtel Mixing Condensation Particle Counter (MCPC) measured the total aerosol concentration. Two 

nafion dryers were used to ensure that the sample was fully dried prior to measurement. The size 

dependent inlet efficiency was calculated using the particle loss calculator and used to correct the size 

distribution measurement. 

 

CONSTRUCTION OF THE SPRAYER 

To enable field testing of our selected nozzle, a 100 and subsequently a 320 nozzle sprayer prototype was 

constructed. A modified dust suppression machine (V22 CLOUD, EmiControls, Italy) was purchased 

which acted as the base of the sprayer and was fitted with the effervescent nozzles. The V22 CLOUD 

included a large fan which was used to spread the particles forward and away from the vessel. This 

sprayer required one and subsequently 3 Denair DG3/200 air compressors to provide the compressed air 

required in our nozzles. Each Denair compressor produces 3m3 s-1 air compressed to a maximum of 

20MPa and requires ~55 kW. The water, filtered seawater, is provided by a 20MPa Stainless Steel pump. 

 

FIELDWORK METHODS 

Field measurements of the prototype sprayer took place in a variety of locations and under variable 

conditions. The prototype was deployed on the Great Barrier Reef on three separate occasions, once per 

year from 2020 to 2022 inclusive, with some modifications/improvements conducted between each 

deployment. Sampling strategies utilized two vessels, one spraying vessel and another for downwind 

sampling to characterize the produced aerosols and the spread/evolution of the plume. Transects 

perpendicular to the wind direction were carried out at a range of distances downwind from the spraying 

vessel, to examine the spread of the plume. Additionally, the sampling vessel was positioned directly 

downwind of the spraying vessel, within the plume, in order to measure the size distribution of the 

produced aerosol plume.  

 

 

 

CONCLUSIONS 

 

A nozzle was developed capable of producing 4 x 1011 particles within 30-1000nm dry salt diameter, a 

size range that is thought to be useful for Marine Cloud Brightening. From this technology a prototype 

Marine Cloud Brightening station was designed and costructed using first 100 and then 320 nozzles. This 

protoype station was deployed on the Great Barrier Reef on three separate occasions over three years for 

field trials. In the most recent experiment the production rate was an estimated 1 x 1014 particles s-1 within 

the 30-1000nm range. However, in order to achieve this, the power requirement was aproximately 54kW. 

This represents a significant challenge moving forward with this technology considering a single station 

would theoretically be at least one order of magnitude bigger, 540kW, a non trivial amount of power.   
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INTRODUCTION 

 
The formation of new particles has a substantial impact on the global cloud condensation nuclei (CCN) 
population. While the role of sulfuric acid (combined with base species) and oxidized organic molecules in 
NPF has been extensively studied, the mechanism behind iodine particle formation and its worldwide 
significance remains unresolved. 
 
Traditionally, iodine particle formation was thought to start from the nucleation of iodine oxides and it was 
only considered important in coastal regions (Saiz-Lopez et al., 2012). However, a previous study by Sipilä 
et al. (2016) challenged this view and instead suggested that the critical step in forming new particles is the 
sequential addition of iodic acid (HIO3). Additionally, recent field observations in the Arctic demonstrated 
the crucial role of iodine species in the formation of particles and CCN (Baccarini et al., 2020; Beck et al., 
2021), thus indicating that iodine species may play larger roles in atmospheric aerosol nucleation than 
previously thought.  
 
In this study, we present the latest findings on the iodine particle formation mechanisms through a 
combination of quantum chemical calculations and smog chamber experiments. We also provide and discuss 
field observations that demonstrate the global relevance of iodine oxoacid nucleation. 
 
 

METHODS 
 
Iodine particle formation experiments were carried out in the CLOUD (Cosmics Leaving Outdoor Droplets) 
chamber at CERN. The experiments were initiated by illuminating a mixture of molecular iodine, ozone and 
water vapour in the chamber. Photo-oxidation of the molecular iodine produces iodine oxoacids which in 
turn initiate aerosol nucleation (Finkenzeller et al., 2022).  
 
Additionally, these laboratory experiments are accompanied by quantum chemical calculations. The 
geometries of the nucleating iodine oxoacids clusters are optimised using configurational sampling. The 
thermodynamic parameters are further calculated from the global minimum structures which are further fed 
into the Atmospheric Cluster Dynamics Code to predict the aerosol nucleation rates.  
 

 
RESULTS AND CONCLUSIONS 

 
Interestingly, we find that the sequential addition of HIO3 is only important in the ion-induced nucleation 
channel (He et al., 2021b). In the neutral nucleation channel, ACDC simulation suggests that the nucleation 
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rates from iodic acid alone are many orders of magnitude lower than the CLOUD results (Zhang et al., 
2022).  
 
Chemical ionisation mass spectrometry revealed another important species in neutral clusters – iodous acid 
(HIO2). The critical role of iodous acid (HIO2) was explored using a combination of chemical ionization 
mass spectrometry, high-level quantum chemical calculations, and the Atmospheric Cluster Dynamic Code 
(ACDC). The results show that neither pure HIO3 nucleation nor pure HIO2 nucleation alone could account 
for the rapid nucleation rates observed at the CLOUD chamber. However, the rates of synergistic HIO3-
HIO2 nucleation reached a level of agreement with the CLOUD measurements. Therefore, HIO3 plays a role 
in the formation of charged clusters and particle growth, while the nucleation of uncharged clusters also 
requires the presence of HIO2 (He et al., 2021a,b).  
 
The nucleation and growth rates of iodine particles are extremely fast, sometimes even outpacing those of 
sulfuric acid - ammonia (100 pptv) particle formation. Importantly, ambient observations show that HIO3 is 
a widespread presence in the boundary layer atmosphere, from pristine environments to heavily polluted 
cities (Figure 1; He et al., 2021a). The daily maximum concentrations frequently reach a level that would 
initiate aerosol nucleation pointing to its potential for a global impact. 
 
Despite its significance, iodine oxoacid nucleation has never been considered in global simulations to assess 
its impact on a global scale. This study provides a detailed mechanism and the necessary parameterization 
for neutral iodine oxoacid nucleation, which will facilitate the integration of iodine particle formation into 
global simulations. 
 

 

  
 

Figure 1. Frequency of daily maxima of iodic acid at diverse sites. Pie charts showing the percentage of 
days where the daily HIO3 maxima fall into the indicated range (evaluated for one-hour-averaged data). 
Adopted from He et al. (2021a). 
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ABSTRACT 

 

Localised Marine Cloud Brightening (MCB) emissions could have important impact on the long-term 

survival of the Great Barrier Reef (GBR). The sea-salt particles emitted are expected to reach low level 

maritime clouds increasing albedo and creating a cooling effect on ocean surface. Here we used the 

motor glider Diamond HK36TTC ECO-Dimona to sample particle number concentration of sea-salt 

aerosols within the MCB plume at multiple distances downwind and heights to resolve its far-field (1 to 

10 km downwind) and vertical dispersion. This work was undertaken as part of the Reef Restoration 

and Adaptation Program, funded by the partnership between the Australian Governments Reef Trust 

and the Great Barrier Reef Foundation. 

 

INTRODUCTION  
 

As the frequency and severity of extreme marine heatwaves continues to threat the long-term survival 

of the Great Barrier Reef (GBR) by triggering mass bleaching events (Heron et al., 2016; Terry P 

Hughes et al., 2018; Terry P. Hughes et al., 2018), interventions such as marine cloud brightening 

(MCB) become critical to mitigate the effects of climate change. MCB proposes to enhance cloud 

droplet number concentration by adding sub-micrometre sea water particles to marine stratocumulus 

clouds (Latham, 1990; Latham, 2002; Latham et al., 2012), this could, theoretically increase cloud 

albedo and create a cooling effect on the ocean surface. A localised implementation of cloud 

brightening targeting specific areas of the GBR (Harrison et al., 2020), could alleviate heat stressors on 

coral reefs and help maintain coral cover over the next two decades (Condie et al., 2021). 

This study outlines the approach used to resolve the vertical mixing and far-field dispersion (1 – 10 km) 

of the MCB plume using in situ measurements of particle number concentrations. A crewed aircraft 

was used to characterise the dispersion of the sea-salt particles emitted from a spraying source during 

the at-sea MCB trial over the Great Barrier Reef in February 2022. The characterisation is focused on 

the vertical dispersion of the plume in order to determine the height reached by the particles with the 

current MCB spraying technology. 

 

METHODS 
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The MCB sprayer was tested during the Australian Reef Restoration and Adaptation Program (RRAP) 

Cooling and Shading campaign to Big Broadhurst Reef (18°53'59"S, 147°45'19"E, Great Barrier Reef, 

Australia) in February 2022 with regulatory approval from the Great Barrier Reef Marine Park 

Authority. The sea sprayer was operated from a main vessel emitting seawater droplets over the reef, 

which evaporated and produced a dispersed plume of sea-salt aerosols (SSA) particles. The motor 

glider Diamond Aircraft HK36TTC ECO-Dimona, owned and operated by ARA (Airborne Research 

Australia) flew across the plume collecting data of the particle number concentration of SSA. These 

measurements give relevant information about the vertical mixing and dispersion of the particles. The 

Dimona aircraft has been chosen due to its ability of flying safely at low altitudes and low speeds and 

also because its low environmental footprint compared with other airborne platforms (Hacker et al., 

2106). 

The flight strategy consisted on following horizontal transects, perpendicular to the plume, at several 

altitudes above sea level and at different distances from the stationary sprayer. A second scenario 

consisted on moving the spraying boat with the wind so that there is zero relative velocity. This allowed 

the plume to develop on top of the boat and enhanced its effect. During this manoeuvre, the aircraft 

performed transects on top of the boat in different directions and at different heights up to cloud base 

(2000 – 3000 ft AMSL), creating what we called star pattern. Data collected on this field test, was 

processed to characterise the dispersion, mixing and advection of the plume and to determine the height 

reached by SSA particles at far-field distances from the sprayer source. The sprayer was operated in 

different modes, mode 1, 2 and 3, which are related to the number of compressors running. 

 

RESULTS 

Scenario 1: spraying from an anchored boat. During this day (08/02/2022), typical background 

concentrations from sea surface up to cloud base (0.780 km) were approximately 550 cm-3. Despite 

obtaining an incomplete set of transects with the boat anchored and the sprayer operating on mode 1, 

the highest concentration detected at 2 km downwind was 1460 cm-3 at an altitude of 0.300 km AMSL. 

The upper limit of the plume at the same distance was detected at an altitude of 0.540 km AMSL with 

peak concentrations of 630 cm-3. From a transect at cloud base (0.780 km) at 10 km downwind, 

measured peak concentration was 670 cm-3, while the highest concentration detected at 5 km downwind 

and 0.700 km altitude AMSL was 655 cm-3.  
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Figure 1. Rise of the centre of the plume calculated from the planar transect centroids from data 

collected with the sprayer operating on mode 3 while the boat was anchored. 

 

Figure 1. shows the rising of the centre of the plume up to 0.400 km of altitude at 10km downwind and 

up to 0.450 km altitude at 25 km downwind for measurements of the sprayer operating on mode 3. The 

upper limit of the plume was detected at cloud base at 10 km downwind with aerosol concentrations of 

approximately 650 cm 3 (Fig. 4b). Peak concentration decreased with distance downwind and altitude. 

The highest concentrations were detected between 2 and 5 km downwind with peak concentrations of 

1800 cm 3 between 0.140 and 0.190 km AMSL.  

 Scenario 2: spraying from a moving boat. During these days (09/02/2022 – mode 2 and 12/02/2022 – 

mode 3), typical background concentrations from sea surface up to cloud base were approximately 

650 cm-3. The highest concentrations were detected during the lowest transects completed on top of the 

boat (0.150 km AMSL) with peak concentrations of approximately 13,800 cm-3 with the sprayer 

operating on mode 3. Observations show how peak concentration decreased with altitude reaching up to 

970 – 1200 cm-3 at approximately 1km AMSL.  

 

 Figure 2. Summary of peak concentration at different altitudes above mean sea level (AMSL) with the 

sprayer operating on mode 3 and the aircraft performing star pattern transects. 
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INTRODUCTION 

 

In urban environments, airborne particulate matter (PM) is primarily anthropogenic and 

majorly derived from local traffic emissions. Studies have shown that exposure to traffic-related 

PM is associated with various cardiovascular diseases, partly due to these emissions’ size 

distribution and composition. In addition, because of the poor ventilation caused by high building 

density and complex structures, traffic-related PM is easily accumulated in urban areas, affecting 

urban air quality and public health. PM2.5, especially ultrafine particles (UFPs), have the potential 

to go across different biological barriers and translocate into different human organs (Wang et al., 

2022). However, the mass-based concentrations are not sufficiently sensitive for UFPs, which 

may not be a good indicator for the health risks of UFPs.  

Lung deposited surface area (LDSA), the total surface area of particles deposited in the lung, 

has been proposed as the critical predictor for health effects from aerosol exposure in recent years 

(Hammer et al., 2020; Kuula et al., 2020; Kuuluvainen et al., 2016). Furthermore, toxicological 

studies have shown that the correlation between LDSA and health effects is especially significant 

for UFPs (Brown et al., 2001). Although the studies had investigated LDSA levels in different 

cities (Cheristanidis et al., 2020), most of these studies measured “total” LDSA concentrations, 

which is the sum of the various sources’ contributions. However, it is necessary to accurately 

quantify LDSA from the pollution source when assessing the specific source’s exposure risk. 

Therefore, the objectives of this study are: (1) to investigate the LDSA and PM characteristics in 

the urban microenvironment and (2) to quantify the LDSA concentration from source 

apportionment analysis. 

 

METHODS 

 

The study and data analysis was conducted in the following manners. Firstly, the particle 

number size distribution (PNSD), PM1 and black carbon in a roadside environment were 

investigated (Figure 1). Secondly, PNSD had been used to identify different pollution sources by 
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assuming each source had a characteristic PNSD profile. The hourly PNSD datasets, each with 

112 different size channels covering the size range of 18 to 1,000 nm, were applied in the positive 

matrix factorization (PMF) analysis. After conducting the source apportionment, the LDSA was 

estimated according to the apportioned PSD and the lung deposition curve for the alveolar region 

proposed by International Commission on Radiological Protection. 

 

Figure 1. Measurement site and system 

 

Furthermore, we analyzed the wind field and particle transmission in the microenvironment 

using computational fluid dynamics (CFD) to assess the impact of traffic-related pollution on the 

surrounding area. Finally, the traffic-related LDSA in the urban microenvironment can be 

obtained by combining the CFD and measuring results. 

 

RESULTS AND DISCUSSION 

 

A measurement station was established at an intersection in New Taipei City for six months 

of investigation. More than 80% of the wind speed was lower than 2.0 m/s, and the prevailing 

wind direction was easterly and southwesterly. Figure 2 shows the PSD and number-concentration 

variations during the entire day. The number-concentrations of small particles increased in the 

daytime, especially during traffic rush hours. The mode of PNSD during rush hours was about 30 

nm. In contrast, the mode of PNSD was 60 nm in the early morning due to the low anthropogenic 

emission. 
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Figure 2. The PNSD and number concentration variations during entire day. 

 

Table 1 summarizes the characteristics of each factor. Factor 1 was attributed to the fresh 

traffic source, which was likely located just east of the measurement station at the four-way 

intersection, according to the wind-based conditional probability function results. Factor 2 might 

be affected by the aged traffic source in the southwest of the measurement station, national 

highways and a sports park. Thus traffic-related air pollutants could be transported, potentially 

even mixed with additional VOC emissions from biogenic sources, delivering a partially aged air 

mass to the study site. Factor 3 and 4 were considered non-traffic sources because of the low 

correlation with traffic flux. 

Table 1. The summary of factor’s characteristics. 

Factor Mode of PNSD (nm) R2 with traffic flux Wind direction 
Source 

classification 

1 20 0.78 70o~90o Fresh traffic 

2 40 0.77 210o~260o Aged traffic 

3 175 0.06 170o~210o Non-traffic 

4 74 & 359 0.22 190o~210o Non-traffic 

 

Based on the PNSD source apportionment results, the average total LDSA was 38.9 μm2/cm3, 

including 36% of fresh traffic emission, 33% of aged traffic emission, and 31% of non-traffic 

sources (Figure 3). The diurnal patterns of LDSA correlated well with traffic flux, which implied 

that the LDSA variations were strongly affected by traffic emission. Moreover, although the 

measurement site is located at the roadside, the LDSA contributed from non-traffic sources should 

not be ignored 
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Figure 3. The diurnal patterns of LDSA concentrations and the percentage of LDSA from 

different sources. 

 

REFERENCES 

 

Wang, W., Lin, Y., Yang, H., Ling, W., Liu, L., Zhang, W., Lu, D., Liu, Q., Jiang, G., (2022) 

Internal Exposure and Distribution of Airborne Fine Particles in the Human Body: Methodology, 

Current Understandings, and Research Needs. Environmental Science & Technology 56.11: 6857-

6869. 

Hammer, T., Gao, H., Pan, Z., Wang, J., (2020) Relationship between Aerosols Exposure and 

Lung Deposition Dose. Aerosol and Air Quality Research 20, 1083-1093. 

Kuula, J., Kuuluvainen, H., Niemi, J. V., Saukko, E., Portin, H., Kousa, A., Aurela, M., Rönkkö, 

T., Timonen, H., 2020. Long-term sensor measurements of lung deposited surface area of 

particulate matter emitted from local vehicular and residential wood combustion sources. Aerosol 

Science and Technology 54, 190-202. 

Kuuluvainen, H., Rönkkö, T., Järvinen, A., Saari, S., Karjalainen, P., Lähde, T., Pirjola, L., Niemi, 

J. V., Hillamo, R., Keskinen, J., 2016. Lung deposited surface area size distributions of particulate 

matter in different urban areas. Atmospheric Environment 136, 105-113. 

Brown, D. M., Wilson, M. R., MacNee, W., Stone, V., Donaldson, K., (2001) Size-Dependent 

Proinflammatory Effects of Ultrafine Polystyrene Particles: A Role for Surface Area and 

Oxidative Stress in the Enhanced Activity of Ultrafines. Toxicology and applied pharmacology 

175, 191-199. 

Cheristanidis, S., Grivas, G., Chaloulakou, A., (2020) Determination of total and lung deposited 

particle surface area concentrations, in central Athens, Greece. Environmental Monitoring and 

Assessment 192, 627. 

 

 

119



 

 

POTENTIAL PRE-INDUSTRIAL NEW PARTICLE FORMATION HIDDEN IN THE AIR 

POCKET OF FINNISH PEATLAND 

W. HUANG1, H. JUNNINEN2, O. GARMASH3, K. LEHTIPALO1,4, D. STOLZENBURG1, J. L. P. 

LAMPILAHTI1, E. EZHOVA1, S. SCHALLHART4, P. RANTALA1, D. ALIAGA1, L. AHONEN1, J. 

SULO1, L. L. J. QUELEVER1, R. CAI1, P. ALEKSEYCHIK1,5, S. B. MAZON1, L. YAO6, S. M. 

BLICHNER7, Q, ZHA1, I. MAMMARELLA1, J. KIRKBY8,9, V.-M. KERMINEN1, D. R. 

WORSNOP1,10, M. KULMALA1, and F. BIANCHI1 

1Institute for Atmospheric and Earth System Research / Physics, Faculty of Science, University of 

Helsinki, 00014, Helsinki, Finland 

2Institute of Physics, University of Tartu, 50411, Tartu, Estonia 

3Aerosol Physics Laboratory, Physics Unit, Tampere University, 33720, Tampere, Finland 
4Atmospheric Composition Unit, Finnish Meteorological Institute, 00101, Helsinki, Finland 

5Bioeconomy and Environment, Natural Resources Institute Finland, 00790, Helsinki, Finland 

6Shanghai Key Laboratory of Atmospheric Particle Pollution and Prevention (LAP3), Department of 

Environmental Science & Engineering, Fudan University, 200438, Shanghai, China 

7Department of Environmental Science, Stockholm University, 11418, Stockholm, Sweden 

8Institute for Atmospheric and Environmental Sciences, Goethe University Frankfurt, 60438, Frankfurt 

am Main, Germany 

9CERN, the European Organization for Nuclear Research, CH-1211 Geneve 23, Switzerland 

10Aerodyne Research Inc., Billerica, Massachusetts 01821, USA 

Keywords:  pre-industrial atmosphere, new particle formation, biogenics 

INTRODUCTION 

Aerosol particles cool the atmosphere by scattering incoming radiation and acting as cloud condensation 

nuclei (IPCC, 2013), over half of which are estimated to be formed from nucleation of chemically oxidized 

precursors (Merikanto et al., 2009). Ion induced nucleation of pure biogenic particles at very low sulphuric 

acid concentrations (Kirkby et al., 2016) could be an important mechanism for pre-industrial aerosol 

formation. However, no pure biogenic new particle formation (NPF) has been unambiguously confirmed 

in the ambient till now, due to the scarcity of truly pristine continental locations in the present-day 

atmosphere (Andreae, 2007) or the lack of chemical characterization of NPF precursors. 

METHODS 

We performed trace gas and particle measurements between March 10 and June 20, 2016 in a pristine 

peatland, Siikaneva, southern Finland (61° 49’ 59.4”N, 24°92 11’ 32.4”E). The site is located at a class II 

ecosystem Integrated Carbon Observation System (ICOS) station which is about 5 km west from the 

Station for Measuring Ecosystem – Atmosphere Relations (SMEAR) II station, Hyytiälä and about 60 km 

north east from the nearest big city, Tampere, with more than 200000 inhabitants. An atmospheric pressure 

interface time-of-flight mass spectrometer (APi-ToF, Aerodyne Research Inc.) was used to analyze the 

molecular composition of ambient positively charged clusters and negatively charged clusters. An APi-

ToF equipped with NO3- chemical ionization inlet (CI-APi-ToF, Aerodyne Research Inc.) was deployed 
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to measure the molecular composition of neutral vapours including sulphuric acid and highly oxygenated 

organic molecules (HOM). 

CONCLUSIONS 

During the measurement period, nighttime NPF events were frequently observed, starting after sunset and 

lasting for a few hours. The strong inversions on these nights hinder turbulent mixing, causing the lowest 

surface layer above the peatland (up to few meters high) to be decoupled from the rest of the nocturnal 

boundary layer (Junninen et al., 2022). During this process, initial vapours (e.g., O3) or anthropogenic 

pollutants (e.g., NOx) were largely depleted by dry deposition to the wet peatland surface inside the shallow 

decoupled layer (i.e., “air pocket”) (Lelieveld and Dentener, 2000;Huff et al., 2011;Zhou et al., 2017). In 

contrast, peatland emissions such as terpenes were trapped and concentrated within the layer (Junninen et 

al., 2022). 

The formed particles were found to grow further, at least to several tens of nanometers, during some of the 

events (e.g., Figure 1), while during some other event nights, particles did not grow above ~10 nm after 

the clustering process. The latter events were also observed in the nearby forest in Hyytiälä, which were 

found to be connected to HOM produced by monoterpene ozonolysis. On nights when no cluster formation 

was observed at all, the surface layer was in a coupled condition. 

 

Figure 1. Nighttime clustering and growth events observed in Siikaneva. 

By comparing the concentrations of NPF precursors and molecular composition of charged and neutral 

clusters from the three types of situations (i.e., clustering with growth events, clustering without growth 

events, and nonevents), we found the sulphuric acid-related nucleation process seems not to play a role 

alone or synergistically with other precursors in the Siikaneva nighttime events. Instead, HOM dimers 

from monoterpene ozonolysis (i.e., CHO HOM dimers) as opposed to the total HOM are important in the 

early growth of small clusters, consistent with laboratory observations (Lehtipalo et al., 2018). 

In addition, formation rates (J) were found to be comparable to the J of pure biogenic nucleation 

experiments from the CLOUD at similar HOM concentrations (Kirkby et al., 2016), and therefore it is 

plausible that pure biogenic HOM initiated the observed nucleation in Siikaneva. Comparison of measured 

growth rate and calculated growth rate suggests that HOM of biogenic origin are the dominant contributor 

to the particle growth at this measurement site. 
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For the first time we provide direct evidence of pure biogenic HOM induced NPF, i.e., nucleation followed 

by growth to larger sizes (e.g., Aitken mode), during the nighttime in the Siikaneva peatland. 

Meteorological decoupling processes formed an “air pocket” (i.e., a very shallow surface layer) at night 

and favoured NPF initiated entirely by highly oxygenated organic molecules (HOM) formed from biogenic 

emissions of this peatland. This biogenically induced NPF observed in Siikaneva mimics the pre-industrial 

atmosphere, where no anthropogenic influence is apparent. Our study sheds light on pre-industrial aerosol 

formation, which represents the baseline for estimating the impact of present and future aerosol on climate, 

as well as on future NPF, the features of which may revert towards pre-industrial conditions as a result of 

air pollution mitigation. 
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ABSTRACT 

The remoteness and extreme conditions of the Southern Ocean and Antarctic region have meant that 

observations in this region are rare, and typically restricted to summertime during research or resupply 

voyages. Observations of aerosols outside of the summer season are typically limited to long-term 

stations, such as Kennaook/Cape Grim (KCG, 40.7°S, 144.7°E) which is situated in the northern latitudes 

of the Southern Ocean, and Antarctic research stations, such as the Japanese operated 5 Syowa (SYO, 

69.0°S, 39.6°E). Measurements in the mid-latitudes of the Southern Ocean are important, particularly in 

light of recent observations that highlighted the latitudinal gradient that exists across the region in 

summertime. Here we present two years (March 2016 - March 2018) of observations from Macquarie 

Island (MQI, 54.5°S, 159.0°E) of aerosol (condensation nuclei larger than 10 nm, CN10) and cloud 

condensation nuclei (CCN at various supersaturations) concentrations. This important multi-year data set 

is characterised, and its features are compared with the long-term data sets from KCG and SYO 10 

together with those from recent, regionally relevant voyages. CN10 concentrations were the highest at 

KCG by a factor of ~50% across all non-winter seasons compared to the other two stations which were 

similar (summer medians of 530 cm-3,426 cm-3 and 468 cm-3 at KCG, MQI and SYO, respectively). In 

wintertime, seasonal minima at KCG and MQI were similar (142 cm-3 and 152 cm-3, respectively), with 

SYO being distinctly lower (87 cm-3), likely the result of the reduction in sea spray aerosol generation 

due to the sea-ice ocean cover around the site. CN10 seasonal maxima were observed at the stations at 

different times 15 of year, with KCG and MQI exhibiting January maxima and SYO having a distinct 

February high. Comparison of CCN0:5 data between KCG and MQI showed similar overall trends with 
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summertime maxima and wintertime minima, however KCG exhibited slightly (~10%) higher 

concentrations in summer (medians of 158 cm-3 and 145 cm-3, respectively), whereas KCG showed ~40% 

lower concentrations than MQI in winter (medians of 57 cm-3 and 92 cm-3, respectively). Spatial and 

temporal trends in the data were analysed further by contrasting data to coincident observations that 

occurred aboard several voyages of the RSV Aurora Australis and the RV Investigator. Results from this 

study are important for validating and improving our models, highlight the heterogeneity of this pristine 

region, and the need for further long-term observations that capture the seasonal cycles. 

 

 
Figure 1: Map showing the relative locations of the three long term stations utilised in this study: Kennaook/Cape 

Grim (40.7oS, 144.7oE), Macquarie Island (54.5oS, 159.0oE) and Syowa (69.0oS, 39.6oE). Voyage tracks of those 

voyages utilised in this study are also shown. 

 

 

 
Figure 2: The full time series (a) of hourly median aerosol observations (only showing CN10 and CCN0.5) from 

Macquarie Island between April 2016 to March 2018. Seasonal cycles of CN10 (b) and CCN0:5 (c) from Macquarie 

Island (MQI, 2016-2018), Kennaook/Cape Grim (KCG, 2011 - 2020) and Syowa (SYO, 2004 - 2016) are shown, 

with monthly medians (solid line) and interquartile range (shaded regions) shown. Overlaid on the seasonal cycles 

are the weekly medians from ship-based campaigns coloured by latitudinal bins.  
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Figure 1.  Cumulative drizzle drop concentrations, Nd, larger than the abscissa diameters  and 
within cloud parcels with cloud droplet liquid water contents, Lc, greater than denoted for clouds 
associated with six divisions of N0.06%S and N1.2-0.4%S. in RICO cumuli.  This is for all 17 flights 
with 147 clouds and  31 CCN measurements. Legend in A applies to all panels.

CCN SPECTRAL RELATIONSHIP VARIATIONS WITH 
DRIZZLE IN STRATUS AND CUMULI

J.G. HUDSON1 and S. Noble2

1Desert Research Institute, Division of Atmospheric Science, Reno, Nevada, USA
2Savannah River National Laboratory, Aiken, South Carolina, USA

Key words: CCN, DRIZZLE, AEROSOL INDIRECT EFFECT, CUMULUS, STRATUS

The second aerosol indirect effect (AIE, cloud lifetime) is due to drizzle suppression by greater 
CCN concentrations, NCCN. However, observations in the Rain in Cumulus over the Ocean (RICO) 
project and the Physics of Stratocumulus Tops (POST) experiment demonstrate opposite positive 
relationships with drizzle drop concentrations (Nd) for CCN active at many supersaturations (S). In 
RICO positive relationships were found for CCN active at low S, such as 0.06% (N0.06%S) shown in 
Figs 1A & B where drizzle drop spectra are sorted into 6 groups according to the CCN spectra 
associated with each of the clouds that contained the drizzle. Red octagons represent the highest 
NCCN octile, orange diamonds correspond to the highest NCCN quartile, pink inverted triangles
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Figure 2.  A-C. Correlation coefficients of drizzle drop concentrations, Nd, within abscissa diameters and 
within cloud parcels with Lc greater than denoted with N1.2-0.4%., N1.2% and  N0.06%.  This is for 17 RICO 
flights with 147 clouds and  31 CCN measurements.  C & D. Corresponding  two-tailed probabilities, 
where red lines are at P2 = 0.1 and blue lines are at P2 = 0.05.

represent the higher half of NCCN, cyan triangles the lower half, blue squares the lowest quartile and 
black circles the lowest NCCN octile. Therefore, Fig. 1A & B shows greater drizzle associated with 
higher N0.06%S. In both of these panels Nd is exactly in the order of N0.06%S from red to orange to 
pink to cyan, then blue and finally black. When only CCN active at very high S are considered by 
subtracting NCCN at lower S from NCCN at higher S, the relationship signs reverse as in Fig. 1C & D. 
Here greater drizzle is associated with lower N1.2-0.40%S as the drizzle spectra are in exact inverse 
order compared to N0.06%S of Fig. 1A & B. Here black shows the most drizzle and red by far the 
least drizzle. Figure 2A & B quantifies these contrasting relationships for these two components of 
CCN spectra with positive R for N0.06%S (orange triangles) and negative R for N1.2-0.40%S (black 
circles). The green squares for N1.2S% (all CCN) then demonstrate the apparent result of the CCN 
components. Figure 2C & D then demonstrate the significance of these R. The two CCN 
components show good significance with P2 < 0.1 or even < 0.05 over most of the drizzle size 
range, but N1.2S% (green squares) shows nearly complete insignificance with P2 > 0.1 over nearly 
the entire size range for the low magnitude Rs of Fig. 2A & B. These results indicate that AIE in 
RICO was often reduced by greater NCCN at low S where they seemed to function as giant nuclei, 
GN. However, these low S CCN are much smaller and in much higher concentrations than GN. 
Moreover, unlike GN they were unrelated to horizontal wind speed. These RICO drizzle-CCN127
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Figure 3.  As Fig. 1 but for POST N0.04% and N1.5-1.0%..  This is for all 14 flights with 141 clouds 
and  54 CCN measurements. 
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results are consistent with CCN bimodality positive relationships to drizzle (Hudson & Noble 2022) 
in RICO. Greater bimodality means relatively greater concentrations of low S CCN compared to 
higher S CCN.  Low S CCN are mostly within the accumulation mode, which is predominantly 
caused by cloud processing (Hoppel et al. 1986; Noble & Hudson 2019). This occurs through gas-to-
particle chemical reactions within droplets, Brownian capture of interstitial material and droplet 
coalescence. High S CCN are mostly within the Aitken mode. Unimodality indicates a smaller 
accumulation mode and a greater Aitken mode.  

Figure 3A & B for POST stratus demonstrate less drizzle when N0.04S% is higher (red, orange and 
pink mostly below cyan, blue and black). Fig. 3C & D is also opposite of Fig. 1 with more drizzle 
when concentrations of only high S CCN (here N1.5-1.0%S) are greater. These results are consistent 
with the Marine Stratus/Stratocumulus Experiment (Hudson et al. 2018) where there was more 
drizzle when CCN spectra were more unimodal. Low vertical wind, W, of stratus would restrict 
droplet activation to the accumulation mode, especially when spectra are more bimodal 
(accumulation mode dominant). Spectra that are more unimodal (Aitken dominant) have fewer 
accumulation mode particles (less cloud processing), which would then make fewer droplets that 
could thus attain larger sizes and therefore foster drizzle. On the other hand, the greater W of cumuli 
such as RICO would allow activation of the Aitken and accumulation modes, which could provide 
greater droplet size diversity that would promote autoconversion to drizzle. 128
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IMPLICATIONS

These results indicate that 2nd AIE is under conflicting influences by different components of CCN 
spectra. This would seem to reduce 2nd AIE and should be considered in attempts to alter cloud
microphysics to change brightness, thickness, coverage or to suppress or induce drizzle.
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INTRODUCTION 

 

Several studies on new particle formation (NPF) events have pointed out an interesting phenomenon, 

where the average diameter of a particle mode formed in an NPF event begins to decrease after the growth 

phase. This is often referred to as aerosol shrinkage, but we will use the term DMD (decreasing mode 

diameter) event, since aerosol shrinkage quite directly implies a reduction in the size of individual 

particles, which is not necessarily the case. Typically, these DMD events are speculated to be caused by 

the evaporation of semivolatile compounds, due to changes in environmental conditions (Alonso-Blanco 

et al., 2017). However, the reduction in the mean diameter of the particle mode may also occur without 

evaporation, if less grown particles are transported to the measurement site after more grown ones 

(Kivekäs et al., 2016). Concrete evidence for explaining the DMD events is still lacking, highlighting a 

rather fundamental gap in our knowledge regarding aerosol processes. Here, we apply a Lagrangian 

single-particle growth model to evaluate factors affecting the appearance of NPF events at Hada Al Sham, 

Saudi Arabia, where DMD events were found to occur very frequently (Hakala et al., 2019) 

 

METHODS 

 

Our Lagrangian-single particle growth model considers the condensation/evaporation of two compounds, 

out of which one is completely non-volatile and the other is potentially volatile. We assume that the 

spatially varying precursor vapor concentrations of both compounds are represented by satellite-derived 

SO2 concentration and that the production of the condensable compounds from the precursor occurs via 

photochemistry. Particles observed at each hour of the day are modelled individually, accounting for their 

transport history via air mass back trajectories. Therefore, the model is able to produce true diameter 

changes of individual particles by condensation and evaporation, as well as apparent diameter changes 

caused by differing conditions during transport. The model is run with varying configurations in order to 

find a description that would best match the observations. 

 

 

130



CONCLUSIONS 

 

We find the best match with the observed and modelled particle diameter development when practically 

only the non-volatile compound affects the particle diameter changes. In this case, the DMD events are 

solely caused by the transport of smaller particles (Fig. 1) that have spent an increasing fraction of their 

lifetime in a lower growth environment. This is mainly enabled by a nearby spatial gradient in the 

precursor vapor concentrations, with the concentrations being lower further away from the measurement 

site, and the decreasing photochemical production of condensable vapors in the afternoon. 

 

 
Figure 1. (a) Observed and modeled mean particle diameter during 138 NPF events. (b) Mean 

contributions to modeled diameter changes from true diameter changes (GRtrue; condensation, evaporation) 

and transport (GRtransport). 

 

Our findings demonstrate that evaporation of semivolatile species is not needed for explaining the 

observations of decreasing particle sizes in Hada al Sham, and that care should also be taken when 

interpreting the cause of similar events elsewhere. The correct identification of the cause of the decreasing 

particle sizes is important e.g. for estimating the production of cloud condensation nuclei, since in the case 

of particle evaporation, the net flux of particles above a certain diameter would be reduced. 
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INTRODUCTION 
 
Understanding chemical and physical processes to formation of atmospheric aerosols are very important 
effect to climate via radiation associated with influencing cloud optical properties, cloud life time (e.g., 
Charlson et al., 1987; IPCC, 2021). In the ocean remote area such as Antarctic Ocean in the southern 
hemisphere, oxidation of dimethyl sulfide (DMS) produced by phytoplankton is an important source of 
aerosols. In the atmosphere, DMS is oxidized into sulfate (nssSO4

2-) and methane sulfonate (MSA) aerosols, 
which is influence to the solar radiation by scattering of solar energy, acting as condensation nuclei for cloud 
formation. The purpose of this study is to investigate the formation of atmospheric aerosols and these 
chemical constituents in the western Pacific Ocean, Southern Ocean, and Antarctic Ocean during the Japan 
Antarctic Research Expedition (JARE). In this study, we present the spatial and temporal variations of 
number-size distribution of atmospheric aerosols concentrations and chemical composition of aerosols such 
as nssSO4

2- and MSA.  
 

METHODS 
 

Observation of atmospheric aerosols was performed from 10th November to 11th December 2021 (Reg 1) 
and 7th February-26th March 2022 (Reg 2) over the western Pacific Ocean, Southern Ocean, and Antarctic 
Ocean during the Japanese Antarctic Research Expedition 63 (JARE63). Observation did not conduct during 
the Exclusive Economic Zone (EEZ). During JARE63, we observed concentrations of number-size 
distribution of atmospheric aerosols particles (6~224 nm) by Scanning Mobility Particle Sizer (SMPS Model 
3936, TSI) and Condensation Particle Counter (Model 3788, TSI). The measurement was conducted in the 
5 min interval. In order to investigate the chemical composition, size segregated atmospheric aerosols were 
collected in the Teflon and sus filter with 6 stage, PM>10, PM2.5-10, PM1-2.5, PM0.5-1, PM0.1-0.5, PM<0.1m) by 
using Nano-sampler. Sampling interval was 2-3 days. The sampled filters were immersed in ultrapure water, 
and shaking, and filtered through a disk filter. The water soluble ion species were analyzed by ion 
chromatography (Thermo Co. Ltd.). In order to prevent sampling exhaust by ship, aerosol sampling was 
only conducted with relative wind direction from -90 to 90 against the ships bow.  
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RESULTS AND DISCUSSION 
 

Figure 1 shows the five-days air mass backward trajectories by NOAA HYSPLIT Trajectory Model. In the 
western North Pacific Ocean near Japan, the air mass transported from the Asian continent with westerly 
wind. The air mass in the subtropical North Pacific Ocean were transported from the Pacific Ocean. In the 
Southern Ocean and Antarctic Ocean, the air mass transported from the Southern Ocean or Antarctica.  

 
 
 
Figure 1. The five days air mass back trajectory analysis during the JARE63 observations. Black circles 
mean sampling start location. (a) Leg1; 10th November-11th December 2021, (b) Leg2; 7th February-
26thMarch 2022.  

 
Figure 2 shows latitudinal and longitudinal variations of size distributions of nssSO4

2- concentrations 
observed from 10th November 2021 to 11th December 2021 and 7th February to 26th March 2022 during the 
JARE63. Higher concentrations of nssSO4

2- were observed in the region near Japan due to the transboundary 
transport of anthropogenic sources. Except for these higher concentrations, concentrations of nssSO4

2- 
varied from 1.8-2.9 nmolm-3 during Leg 1 and 1.7-4.3 nmolm-3. nssSO4

2- were observed in all size particles. 
Particularly, existence of nssSO4

2- in PM<0.1, PM0.1-0.5, PM0.5-1, PM1-2.5, PM2.5-10, and PM>10 were 3.5%, 24.8%, 
25.1%, 10.0%, 9.9%, and 26.7%, respectively (Figure 4).  

 
Figure 2. Latitudinal and longitudinal variations of size segregated nssSO4

2- concentrations.   

(a) (b) 
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Latitudinal and longitudinal distributions of MSA concentrations were larger fluctuations compared with 
those in the nssSO4

2- concentrations. During Leg 1, MSA concentrations varied with 0.29-0.98 nmolm-3. 
These tend to increase toward south, and higher concentrations were observed around 60°S. During Leg 2, 
MSA concentrations were fluctuated with 0.25-1.23 nmolm-3. The observed region with 35-115°E were 
costa of the Antarctica (66-69°S), which mean close to sea ice. Existence of MSA in PM<0.1, PM0.1-0.5, PM0.5-

1, PM1-2.5, PM2.5-10, and PM>10 were 0.7%, 40.4%, 32.2%, 23.6%, 2.7%, and 0.4%, respectively. Most of 
MSA were distributed in the PM0.1-0.5, PM0.5-1, PM1-2.5 (Figure 4).  

 
 

Figure 3. Latitudinal and longitudinal variations of size segregated MSA concentrations. In the region 115-
135°E, the observations were conducted during northward transport. 

 
 

 
 

Figure 4. Average size distributed mass composition of nssSO4
2- and MSA during JARE63.  
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Although MSA were mainly distributed in the PM0.1-0.5, PM0.5-1, PM1-2.5, MSA was also detected in the PM<0.1 
and these were contained to 30% those in total MSA concentrations in 29th November-1th December, 2021. 
During this period, strong new particle formation occurred. It is possible to consider that MSA exists in 
nanoparticles (PM<0.1) under the new particle formation.  
 

 
Figure 5. Number size distributions of aerosols from 28th November to 11th December 2021 during JARE63 
(Leg 1). Strong new particle formation occurred in 29th November, 2021.  

 
CONCLUSIONS 

 
In this study, size segregated sulfur derived aerosol (nssSO4

2-, MSA) concentrations observed in the 
Southern Ocean and Antarctic Ocean were documented. Prominent feature in size distribution of nssSO4

2- 
and MSA were found. The nssSO4

2- were distributed to all size range, whereas MSA were manly distributed 
in the PM0.1-0.5, PM0.5-1, PM1-2.5. MSA detected in PM<0.1 were measured during the strong new particle 
formation.  
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INTRODUCTION 

 

Respiratory diseases have caused the most public concern throughout human history. In addition to 

diseases such as measles and tuberculosis, the most recent infectious disease outbreak has been 

coronavirus disease 2019. Pathogenic transmission is primarily through expelled droplets that contain 

germs (i.e., viruses, bacteria, or microbes) from infected hosts (Jayaweera et al. 2020). One of the droplet 

formation mechanism is the stripping and rupturing of mucus or saliva layers owing to excessive shear 

stress imposed by high expiratory flow during coughing (Dhand and Li 2020). Experimental studies have 

long been conducted to describe droplet size and dispersion due to coughing (Chao et al. 2009; Wang et al. 

2022). Nonetheless, the cost of experimentation is an existential barrier; meanwhile, the computational 

fluid dynamics (CFD) method is a promising alternative for analyzing droplet spreading phenomena. 

Thus, this study aimed to apply the discrete phase-coupled Eulerian wall film (DP-EWF) model to 

characterize droplet properties during coughing. 

 

METHODS 

 

A computational oral-airway model was generated using computed tomography (CT) images of a male 

adult (Fig. 1A). Detailed oral cavity morphometry including teeth created using DAZ studio, software for 

obtaining human geometry, was seamlessly integrated into our airway model. The mesh design was 

constructed using polyhedral elements with 10 prism layers adjacent to the boundary walls (Fig. 1B). In 

this study, assuming unsteady, incompressible, and isothermal flow, we used the coughing flow rate 

proposed by Gupta et al. (Gupta, Lin, and Chen 2009). Simultaneously, the EWF model was used to 

predict the stripped droplets from the mucus or saliva layers, and the discrete phase model was used to 

account for their transportation and absorption. The expelled droplets were sampled at the mouth opening, 

as shown in Fig. 1A. The thickness of the mucus or saliva layers was assigned as 85 m for the oral cavity 

(Collins and Dawes 1987) and 30 m for the airway region (Matsui et al. 1998), as depicted in Fig. 1C. 

For the EWF model, surface tension of 0.072 N/m and critical shear stress (CSS) of 1 Pa were assumed. 

The time step size of the fluid flow and EWF were set at 10-3 and 10-4 s, respectively. The numerical 

boundary conditions and mucus or saliva properties are summarized in Table 1. 
 

Parameter Information 

Turbulent model SST k- 

Turbulent intensity 5% 

Viscosity 
Air: 1.81×10-5 Pa s 

Mucus/saliva: 1×10-3 Pa s 

Density 
Air: 1.185 kg/m3 

Mucus/saliva: 998.2 kg/m3 

 

Table 1. Numerical boundary conditions and mucus or saliva properties 
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RESULTS AND DISCUSSION 

 

The coughing flow pattern in the oral-airway model is displayed in Fig. 2 at the specific times of 0.025, 

0.1, and 0.3 s. Notably, the flow features at t=0.1 s were associated with the cough peak flow rate (CPFR). 

A high velocity was observed at the bifurcation, trachea, glottis, and oropharynx regions from the 

beginning of coughing (t=0.025 s) to the CPFR; the flow rate then gradually reduced until the end of 

coughing. Apart from the above-mentioned regions, the remaining regions of the oral-airway model also 

experienced a high velocity, especially at the CPFR (approximately 18 m/s). Therefore, the complex 

nature of the oral-airway model was responsible for local airflow acceleration, which was closely related 

to excessive shear stress development in the corresponding regions. 

Fig. 3 presents the distribution of wall shear stress (WSS), mucus or saliva thickness, and stripped droplets 

at t=0.025 and 1 s. As expected, a high WSS of 1.5 Pa was imposed, coinciding with the high-airflow 

velocity regions (Fig. 3A). Consequently, the mucus or saliva layers in the region of WSS larger than the 

CSS (assumed to be 1 Pa) started to exuviate and form ruptured droplets at the corresponding position 

(Fig. 3A). At the CPFR (Fig. 3B), the high WSS of 5 Pa almost covered the entire oral-airway surface, and 

the mucus or saliva thickness was substantially worn down to almost 0 m, resulting in the droplets 

occupying the entire model. The results showed that coughing could produce considerable droplets from 

the beginning of coughing until CPFR. 

 
Fig. 1. Outline of the interested domain. (A) Constituting components of the oral-airway model. (B) Mesh 

design for the computational domain. (C) Mucus thickness distribution on the oral-airway model. 

 
Fig. 2. Iso-surface distribution of the fluid flow characteristic following the time series of coughing 
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The performance of the DP-EWF model was validated using field measurements conducted on volunteers 

(Chao et al. 2009). Fig. 4(A) compares the two datasets against the droplet diameter bin. In this case, the 

expelled droplet number fraction is defined as the ratio between the number of droplets in a specific 

diameter bin and the total droplet number in all diameter bins. As a result, our simulation data were 

comparable with those of the experiment in terms of the droplet size distribution; specifically, the highest 

fraction of generated droplets was recorded in the diameter bin of 4-8 m for both datasets. For the larger 

diameter bin (75-100 m), the collected droplet number rapidly decreased to almost 0%. 

Additionally, not all the stripped droplets were expelled into the environment during the coughing; 

therefore, reabsorption into the mucus or saliva layers is possible. Fig. 4(B) shows the absorption 

efficiency of droplets following the oral-airway model regions. The results show the peak absorption 

efficiency in the laryngeal region (approximately 20%), followed by the trachea, teeth, bifurcation, and 

gingiva. This is attributed to the acceleration of fluid flow, and the complex structure in these regions 

enhanced the absorption prospect owing to the high inertia impaction. Interestingly, the integration of the 

teeth, which has been neglected in other studies, contributed to the considerable absorption efficiency of 

the stripped droplets. Based on the findings, the morphometric features of the oral-airway model play a 

critical role in minimizing expelled droplets, which may reduce transmission risks in the environment. 

 

CONCLUSIONS 

 

This study successfully applied the DP-EWF model to predict droplet formation induced by coughing, 

paving the way for further studies on the prognostication of expelled droplets during speaking or sneezing. 

 
Fig. 3. Characteristics of wall shear stress (WSS), mucus thickness, and stripped droplets at (A) t = 0.025 s 

and (B) t = 0.1 s 
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We confirmed that germs are primarily transmitted in the environment by droplets sized 4-8 m. 

Additionally, proper mimicking of the realistic geometry of the oral airway should be considered in 

research concerning quantitative droplet generation from humans. The limitations of this study include the 

unoptimized CSS for balancing the computational cost and accuracy. 
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Fig. 4. (A) Size distribution of stripped droplets at the mouth opening validated with experimental data. 

(B) Absorption efficiency of the droplets per region in the oral-airway model. 
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INTRODUCTION 

 

Water covers mostly two-thirds of the earth’s surface, and over 96% of it exists in oceans. When ocean 

surface waves break, particles and gases are ejected into the earth’s atmosphere via bursting bubbles. 

These particles, sea spray aerosols (SSA), can undergo oxidation and photochemical reactions, or 

participate in heterogenous reactions with other constituents in the atmosphere. Sea spray aerosols can 

also act as nuclei for ice formation and cloud condensation. The exact role of SSA in climate processes is 

still poorly understood and necessitates studies in isolated environments under various conditions. In a 

controlled wind and wave ocean atmosphere simulator, we studied the effect of wind speed on primary sea 

spray aerosol production. Using an aerosol time-of-flight mass spectrometer (ATOFMS), the size 

(between 0.1-1.0 µm) and chemical composition of particles were analyzed at the individual level.  

 

METHODS 

 

 

The Scripps Ocean Atmosphere Research Simulator (SOARS) is a 36-meter-long wind and wave channel 

with the ability to control wave breaking patterns, wind speed, water temperature, and mesocosm 

experiments (Figure I). For these studies, multiple wind speeds were varied with different wave breaking 

patterns to observe the trends in size and composition produced from sea spray in a controlled 

environment. The vacuum aerodynamic diameter and chemical composition of particles produced in 

SOARS were measured using an aerosol time-of-flight mass spectrometer (ATOFMS) (Gard et al., 1997; 

Pratt et al., 2009). To summarize, single particles pass through a Po-210 neutralizer prior to entering an 

aerodynamic lens that collimates the particle stream (Liu et al., 1995b, 1995a; Zhang et al., 2002, 2004). 

Particles are then optically detected upon scattering light from two, 532 nm continuous-wave lasers 
(JDSU, Model 21011871-200). The velocity of each particle is determined based on the time passed 

between the scattering signals of both lasers. The vacuum aerodynamic diameter is calculated using a 
calibration with polystyrene latex spheres of known diameters. The ATOFMS used in this study detects 

particles with diameters between 100–1000 nm with the peak detection efficiency between ~250–500 nm 

(Pratt et al., 2009). The scattering information is also used to trigger a Q-switched pulsed 266 nm, 

Nd:YAG laser (CFR200, Lumibird), with laser energy around 1 mJ, a ~0.45 mm spot size, and 8 ns pulse 

width, that desorbs and ionizes refractory and nonrefractory components of incoming particles. Once 

ablated and ionized, positive and negative ion mass spectra for each particle are collected using a dual 

polarity reflectron time-of-flight mass spectrometer. A scanning mobility particle sizer (SMPS) was also 

used to simultaneously measure the particle size and aerosol mass distributions. The SMPS utilizes an 

electrostatic classifier and differential mobility analyzer (DMA) (TSI, Model 3082), for particle size 

selection based on electrical mobility diameter and is followed by a condensation particle counter (CPC, 

TSI, Model 3787) for particle detection.  
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Figure 1. Illustration of the Scripps Ocean Atmosphere Research Simulator (SOARS). 

 

CONCLUSION 

 
We found that at higher wind speeds, there is a greater ejection of salt-dominant particles with 

compositions like that of the bulk seawater. On the contrast, at lower wind speeds, there is a higher 

contribution of salt particles with an organic coating, indicating a higher transfer of the sea surface 

microlayer under this condition. Similar to other field and experimental measurements with the ATOFMS, 

the fraction of sea-salt dominant particles increased with size while sea-salt particles with an organic 

coating present remained dominant in the lower sizes. Confirming previous results is the first step in 

building the chemical complexity of seawater in laboratory-scale simulators, which opens the door for 

elucidating the specific effects of SSA on climate under various conditions such as wind speed, water 

temperature, and biological activity. 
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INTRODUCTION 

Atmospheric ice crystal formation is recognized as an important cloud microphysical process affecting 

precipitation and climate by altering cloud structure, albedo and lifetime (Mülmenstädt et al., 2015; 

Murray and Liu, 2022; Boucher et al., 2013). For example, the greatest variations in climate model 

predicted equilibrium climate sensitivity can be attributed to the partitioning between supercooled water 

droplets and ice crystals in extratropical mixed-phase clouds (McCoy et al., 2022). Predicting 

atmospheric ice nucleation, in general, is one of the grand challenges in the atmospheric sciences for 

manifold reasons. In particular, ice-nucleating particles (INPs) are physicochemically complex, only a 

few particles activate as INPs, several different primary ice nucleation pathways exist, ice nucleation 

proceeds on a microscale and timescales not typically covered by large scale atmospheric models, and 

finally measurements of INPs and ice crystals in the laboratory and in the field are challenging to make 

(Demott et al., 2010; Kanji et al., 2017; Knopf et al., 2018; Burrows et al., 2022). Ice nucleation 

parameterizations are crucial for interpretation and analysis of laboratory and field data and to evaluate 

our predictive understanding of ice crystal formation in process and large-scale models. 

 

METHODS 

 

Different approaches to best represent ice nucleation measurements exist and can be divided into three 

general types: i) singular or deterministic descriptions in which specific particles serve as INPs, each 

possessing a characteristic activation temperature (Vali, 1971); ii) a stochastic description following 

classical nucleation theory (CNT) which treats nucleation as a random process and, thus, is time 

dependent (Knopf et al., 2020); iii) hybrid cases, where specific particles are selected in a deterministic 

manner and then are assigned a time dependence of nucleation (Vali and Snider, 2015). Each of these 

approaches will yield different interpretations of measured ice nucleation data and result in different 

predictions of INP number concentrations and, ultimately, ice crystal number concentrations. 

 

DISCUSSION 

 
In this paper, the focus is on immersion freezing, where ice forms on an INP from the supercooled 

aqueous phase, and deposition ice nucleation, where ice forms on the INP from the supersaturated vapor 

phase. Homogeneous ice nucleation and pore condensation freezing are also included.  

 

In the first part, the impact of the various parameterizations on interpretation and analysis of laboratory 

immersion freezing data is discussed (Knopf et al., 2020; Alpert and Knopf, 2016). The importance of 

considering the stochasticity of nucleation and time dependence is highlighted. Accuracy of determining 

the INP surface area is shown to be the most limiting factor in unambiguous interpretation of 

heterogeneous ice nucleation data. Accounting directly for particle surface area measurement 

uncertainty and variability in specific experiments can explain typically observed variances in freezing 

temperatures, including cold stage, continuous flow, and chamber instrumentation. It is demonstrated 

that the water activity criterion can be universally employed to described immersion freezing, deposition 
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ice nucleation, and homogeneous ice nucleation well into the no man’s land region. 

 

In the second part, the results of an aerosol – ice formation closure study are discussed (Knopf et al., 

2021). Different immersion freezing parameterizations, derived from the same laboratory experiments, 

are evaluated for their capability to predict INP number concentrations from ambient aerosol in 

comparison to measured INP number concentrations. Agreement between predicted and measured INP 

number concentrations, accounting for measurement and modeling uncertainties, yields “closure”. 

Although, singular and CNT formulations describe equally well the underpinning laboratory 

measurements, differences in scaling behavior yield drastically different INP number concentrations 

when applied to the ambient particles. 

 

In the last part, the application of a simplistic 1D aerosol-cloud LES modeling study is discussed to 

infer the continuing ice crystal formation in long-lived Arctic mixed phase clouds. This simplistic model 

is based on a well-studied field-observational and LES model case study (Curry et al., 2000; Fridlind et 

al., 2012). Ice nucleation is initiated by a given aerosol type, e.g., mineral dust, and its size distribution 

using singular and CNT-based immersion freezing descriptions. Due to its simplicity this model can 

treat INPs both i) diagnostically, i.e., INP number concentrations are derived at each modeling time step 

according to environmental conditions and ii) prognostically, i.e., INPs are coupled to the aerosol 

population and sources and sinks of INPs are accounted for. The latter implies that aerosol particles and 

INPs need to be continuously tracked during the simulation. A specific focus is placed on the INP 

reservoir dynamics, which reflects the INPs that are available to activate as ice crystals. Application of 

singular- or CNT-based immersion freezing descriptions yield extremely different number 

concentrations of INPs capable of being activated. This can lead either to a very brief burst of ice crystal 

formation or to continuous ice crystal formation to be observed over the course of hours.  

 

CONCLUSIONS 

 

The ability to predict ice nucleation depends on the physicochemical characterization of INPs including 

the particle types, sizes, sources and abundance in the atmosphere. However, the choice of 

parameterization to represent laboratory and field data crucially influences predictive capability. 

Considering that typical INP measurements in the laboratory and field do not reflect cloud conditions 

with regard to updraft velocities, ice nucleation activation times, supersaturation and particle size 

distributions, translating ice nucleation parameterizations to atmospheric conditions, especially when 

using conceptual or empirical descriptions not based in theory, has to be evaluated. Closure studies that 

apply laboratory derived theoretical understanding of ice nucleation to field measurements of INPs are 

a possible path forward to assess such parameterizations (Knopf et al., 2021; Burrows et al., 2022).   

 

When modeling cloud structure and evolution, the INP reservoir should be treated prognostically, 

coupled to the underlying aerosol population considering sources and sinks of INPs. This necessitates 

the tracking of INPs in models posing a computational challenge, especially in large scale models. By 

definition, singular and deterministic freezing descriptions are non-stochastic and as such the specific 

particles in the aerosol population acting as INPs have to be individually tracked, increasing memory 

and computational demand. In contrast, CNT-based descriptions invoking a rate-based, stochastic 

formulation are less computationally demanding since they do not need to store the individual particles 

acting as INPs. 

 

Recent years have seen numerous laboratory and field studies identifying and characterizing INPs that 

also suggest various ways to parameterize the ice nucleation data for model application. However, fewer 

efforts have been initiated to carefully assess how these parameterizations impact prediction of INPs 

under different cloud conditions. The effect of ice nucleation parameterizations on interpretation and 

prediction of INPs in laboratory settings, field measurements, and modeling studies highlighted in this 

paper will yield greater accuracy and understanding of formation and evolution of ice in the atmosphere.  
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INTRODUCTION

New particle formation (NPF) has been observed in China since the 1990s and continues to be a major
concern due to its potential effects on human health. Additionally, the presence of aerosol particles can also
play a role in the formation of new particles. Studies have indicated that the formation of new particles in
China is largely driven by photochemical processes, which are associated with increased levels of nitrogen
oxides and volatile organic compounds (VOCs). These particles are formed through the condensation and
coagulation of VOCs, nitrogen oxides (NOx), and sulfur dioxide (SO2). Once formed, these particles can
become a major source of air pollution in China.

The Chinese government has taken a number of steps to address NPF. These include the adoption of stricter
emissions standards, the promotion of cleaner energy sources such as natural gas, and the introduction of air
pollution control measures such as the “10+10” plan. This plan requires 10 of the most polluted cities to
reduce their emissions by 10 percent in the next five years. To achieve these goals, more research is needed
to better understand the processes involved in new particle formation in China, and to develop more effective
strategies for mitigating its impacts.

NPF is a process by which atmospheric aerosols form from precursor gases in the atmosphere. In recent
years, new particle formation has been a major focus of atmospheric research in China. Studies have found
that NPF events occur frequently in China, especially in the northern parts of the country. The sources of
precursor gases for NPF in China include both anthropogenic sources, such as combustion-related emissions,
and natural sources, such as biogenic volatile organic compounds. Research has found that NPF events are
closely related to air pollution, leading to increases in concentrations of aerosols and secondary pollutants
that are closely linked to the occurrence of haze and smog, as both are caused by the formation of aerosols.
Furthermore,  NPF  events  can  affect  the  regional  climate,  influencing  temperature,  precipitation,  and
visibility.

NPF in cities such as Beijing, where tiny particles of aerosols, such as sulfate, nitrate, and ammonium, form
from the condensation of gas-phase precursors, such as sulfur dioxide and nitrogen oxides. These particles
then grow in size via a process known as coagulation,  forming aerosols that can affect air  quality.  The
particles can also act as condensation nuclei for clouds, impacting atmospheric chemistry and sunlight.

In Beijing, NPF occurs when precursor gases such as sulfur dioxide (SO2), nitrogen oxides (NOx), ozone
(O3), and volatile organic compounds (VOCs) react in the atmosphere and form aerosol particles. This is
often a result of anthropogenic activities such as the burning of fossil fuels, industrial activities, and vehicle
exhaust. These reactions can create a variety of new particles, including sulfates, nitrates, and ammonium.
These particles can be transported long distances and can cause a variety of health problems. Long-term
exposure to these particles can lead to respiratory and cardiovascular problems, as well as other health issues.
NPF is especially problematic in Beijing due to its large population, high levels of air pollution, and the
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prevalence of coal burning. As NPF continues to be studied, efforts are being made to reduce its prevalence
in Beijing and other areas. These efforts include reducing emissions from coal burning, promoting clean
transportation solutions, and increasing the use of renewable energy sources.

RESULTS AND CONCLUSIONS

In Nanjing, NPF has been studied extensively in The Joint International Research Laboratory of Atmospheric
and Earth System Sciences between Nanjing University and University of Helsinki (JirLATEST). Studies
have found that NPF is enhanced in Nanjing due to the high levels of sulfur dioxide, nitrogen oxides, and
volatile  organic  compounds  from these  sources  (Nie  et  al.,  2022).  Finally,  NPF  can  be  influenced  by
meteorological conditions such as wind speed and air temperature, which can vary depending on the season.

To resolve air quality issues in China, INAR have conducted intensive and comprehensive measurements in
Beijing University of Chemical Technology West Campus in close collaboration with Tsinghua University,
Fudan  University,  and  Nanjing  University  of  Information  Science  and  Technology.  Based  on  our
comprehensive observations, we have been able to demonstrate the crucial role of NPF in haze formation.
We have also shown that 80–90 % of the aerosol mass (PM2.5) was formed via atmospheric reactions during
the haze days and over 65 % of the number concentration of haze particles resulted from NPF. Our findings
suggest that in practice almost all present-day haze episodes in Beijing originate from NPF, mainly since the
direct emissions of primary particles in Beijing have considerably decreased during the recent years. 

It has been shown that the acid-base clustering involving sulfuric acid, amines and ammonia synergistically
drives NPF in Beijing (Yan et al., 2021), especially when the amine concentration is not high enough and
NH3 is abundant. On the other hand, in Shanghai the main compounds initiating NPF are sulfuric acid and
amines (Yao  et al.,  2018). This means that the detailed clustering mechanisms in the two corners of the
gigacity, Beijing and Shanghai, seem not identical, mainly because amine and ammonia concentrations have
a  spatial  variation  inside  the  gigacity.  On one  hand,  based  on  ambient  measurements  in  Beijing  and a
roadside  test  in  Nanjing,  traffic  exhaust  was  identified  as  a  source  of  amines  and  ammonia  in  urban
environments. On the other hand, when the COVID-19 lockdown policy was imposed, we did not observe
significant changes in a NPF mechanism in Beijing, suggesting that atmospheric abundances of amines and
ammonia are not solely associated with traffic exhaust (Yan et al., 2022).
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INTRODUCTION 

 
Besides directly emitted primary aerosol particles, large fractions of atmospheric aerosols relevant to both 
air quality and climate are produced via new particle formation (NPF; Kerminen et al., 2018; Chu et al., 
2019; Kulmala et al., 2021b). Atmospheric NPF, together with secondary formation of particulate matter 
(secondary aerosol formation), modify the number concentration, size distribution, chemical composition 
and mass loading of atmospheric aerosol populations. Kulmala et al. (2021b) showed that NPF and 
secondary aerosol formation contribute to over 2/3 of the haze particle number load and over 80% of the 
corresponding mass load in Beijing. Physically, the influences of atmospheric NPF and secondary aerosol 
formation depend on particle formation rates and on rates at which newly formed particles grow to larger 
sizes (Kulmala et al., 2017).  
 
Multiphase chemistry associated with particle growth is thus expected to provide explanation for the limited 
variability in the growth rates. Recently, Zheng et al. (2020) found that aerosol acidity, which regulates 
multiphase chemistry of atmospheric particles in many ways, is strongly buffered through gas-particle 
partitioning of ammonia. Moreover, different multiphase processes that lead to aerosol formation and 
growth at high ionic strengths and in complex solutions were found to proceed either much faster or slower 
than previously expected from the lab studies, and the role of nano-size effect and phase state in the initial 
particle growth is also still unknown (Cheng et al., 2016). 
 

METHODS 
 
We are combining the following tools to be able to find out physical and chemical mechanisms of 
atmospheric NPF: i) targeted laboratory experiments, ii) comprehensive in situ observations including 
supersites in the Chinese gigacity (see Kulmala et al., 2021a), iii) comprehensive vertical observations using 
aircrafts, tall towers, tethered-airships and ground-based remote sensing, iv) satellite remote sensing and v) 
multi-scale modelling and model development.  
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Understanding chemistry and physics at the 2–25 nm size range for atmospheric aerosol particles and sub 
2 nm atmospheric clusters are grand challenges for both fundamental and applied sciences. Thus, we have 
developed and will further develop novel methodologies aiming at overcoming these grand challenges, 
including:  

• direct measurements of the evolution of aerosol compositions at the 2–25 nm size range, 
• direct measurements of kinetics and thermodynamic constants for atmospheric relevant aerosols 

systems, especially the systems of extremely high ionic strength, 
• direct measurements of surface reactions/processes, and 
• molecular-dynamic model simulations of atmospheric relevant clusters and nanoparticles. 

We are in process developing several other tools  
• establishment of continuous, comprehensive measurements networks for gigacity observations, 

including ACTRIS (Aerosols, Clouds, and TRace Gases Infrastructure) instrumentation, 
• development and integration of multiscale modelling from process models (NPF, multiphase 

chemistry) to boundary layer and regional models of air quality, and 
• integration of in-situ observations and remote sensing (tailored and novel satellite data products) to 

derive parameterizations for proxies based on process understanding, and to obtain a regional and 
potentially global coverage of favorable conditions for NPF, secondary aerosol, and haze formation. 

 
 

RESULTS AND CONCLUSIONS 
 
Here, we summarize our latest findings on atmospheric new particle formation (NPF) based on atmospheric 
observations and model simulations. Our first investigation was a closure study on sub-6 nm atmospheric 
aerosol particles and clusters, which showed that present observations are able to detect a major fraction of 
existing atmospheric clusters (Kulmala et al. 2022a). Our second finding, based on long-term measurements 
in four very different environments, was that atmospheric NPF tends to occur also on days characterized 
traditionally as non-event days (days with no observed NPF), with typical particle formation rates ranging 
between about 2 and 20 % of those on traditional NPF event days (Kulmala et al. 2022b). We termed this 
phenomenon “quiet NPF” and showed that it may have a significant contribution to the production of 
secondary particles in the atmosphere. Thirdly, we investigated the growth of newly-formed particles into 
sizes relevant to climate and air quality using box model simulations that were constrained with atmospheric 
observations in two very different environments: 1) Beijing, a polluted megacity in China, and 2) SMEAR 
II station, a boreal forest site in Finland. Our simulations for Beijing showed that NPF is capable of giving 
large contributions of haze particle mass and number concentrations (Kulmala et al. 2022c). The results 
indicate that reducing primary particle emissions may not decrease PM pollution effectively in heavily 
polluted environments without simultaneous emission reductions for precursor gases responsible for NPF 
and subsequent particle growth. At SMEAR II, we used simulations to investigate the role of NPF in the 
Continental Biosphere-Atmosphere-Cloud-Climate (COBACC) feedback mechanism (Kulmala et al. 2023). 
We found that outside the late autumn and winter periods when NPF events tend to be rare at SMEAR II, 
NPF gives a dominant contribution to both condensation sink and cloud condensation nuclei concentration 
– the two most relevant quantities in the COBACC feedback mechanism. We estimated that the same 
conclusion is likely to hold over large regions in the boreal forest zone, as it has been demonstrated that the 
oxidized products of biological volatile organics (VOCs) sustain the strong particle formation and 
condensational growth that contributes about 90% of the cloud condensational nucleus (CCN) at high 
altitude over Amazon basin (Liu et al., 2023).. As a side product of our observations, we found surprisingly 
low variability in growth rates of newly formed particles in both Beijing and SMEAR II. This points toward 
a potentially important role of multiphase reactions causing the bulk growth of newly formed atmospheric 
particles – a phenomenon that needs to be investigated in more detail in the future. 
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Introduction 

 
Carbonaceous aerosols are usually the most 

significant contributor to fine particulate matter (PM2.5). 
They are frequently separated into organic carbon (OC) 
and elemental carbon (EC) based on their volatility using 
thermal-optical methods.  

The Aethalometer model AE33 collects aerosol 
particles continuously by drawing the aerosol-laden air 
stream through a spot on the filter tape.  It analyzes the 
aerosol by measuring light transmission at seven 
wavelengths through one portion of the filter tape 
containing the sample versus the transmission through 
an unloaded part of the filter tape acting as a reference 
area. The Magee Scientific Total Carbon Analyzer, Model 
TCA08, is a newly developed scientific instrument that 
measures the Total Carbon Content ("TC") of suspended 
aerosol particles in near real-time using a simplified 
thermal method (Rigler et al., 2020).  

The combination of Total Carbon Analyzer TCA08 
and the Magee Scientific Aethalometer® model AE33 
provides a novel approach for measuring TC, eBC, OC, EC, 
Brown Carbon content of suspended aerosol particles in 
near-real-time with high-time resolution. 
 

Abstract Review 

The CAAT abbreviation stands for Carbonaceous 
Aerosol Analysis Tool and is a software tool for analyzing 
data from the AE33 Aethalometer® and the TCA08 Total 
Carbon Analyzer. 

Its main progression tasks are as follows: Import, 
Validation and Analysis procedures, such as diurnal 
profiles, Time averages, Absorption coefficient, Angstrom 
exponent, Attenuation, Source Apportionment, 
concentration determination of some most relevant 
carbonaceous aerosol species (Total Carbon, Elemental 
Carbon, Organic Carbon, Black and Brown Carbon). 

With this work, we want to show the importance 
and capabilities of the newly developed Analytical 
software to indicate and forecast particular trends and 
seasonal variations of concentrations of the specific 
carbonaceous aerosols. 

 
 

Figure 1 Example of the data analyzed with CAAT 

Software. 
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INTRODUCTION  

Primary and secondary organic aerosols (POA and SOA) comprise anywhere from 20% to 90% of 
atmospheric particulate matter (Hallquist et al, 2009). As they age in the atmosphere, POA and SOA undergo 
transformations through atmospheric multi-phase reaction chemistry such as oxidation, fragmentation, 
oligomerization, gas-to-particle partitioning, and cloud processing, which modify their composition and 
eventually blur original identity of aged organic aerosol (OA). Quantitative assessment of gas-particle 
equilibrium of OA components is critical to understand formation, growth, distribution, and evolution of the 
OA composition in the atmosphere. In this work, we present a novel ambient pressure measurement platform 
developed and tested for untargeted screening of components of complex OA mixtures, followed by targeted 
chemical speciation of components with identified chemical composition, and assessment of their 
physicochemical properties such as vapor pressure and heats of sublimation. 

METHODS  

Presented approach of untargeted OA characterization employes temperature programmed desorption (TPD) 
experiments coupled to ‘direct analysis in real time’ (DART) ionization technique (Cody et al, 2005, 2020) 
and high-resolution mass spectrometry (HRMS). In these experiments, OA laden samples are placed on a 
heating stage subjected to the TPD linear ramp from room temperature to 600 °C. Fumes of the evaporated 
sample components are directed into a T-shaped glass junction where they are ionized by the flow of 
metastable He ions from the DART source, followed by detection using the Q-ExactiveTM Orbitrap HRMS 
(Nizkorodov et al, 2011). Progression of the TPD-DART-HRMS spectra is acquired and extracted ion 
thermogram EIT records are used to infer composition and quantify volatility properties of untargeted 
individual species detected within complex OA sample.  

CONCLUSIONS 

We demonstrated successful applications of the TPD-DART-HRMS platform for analysis of selected 

standards, i.e. organic compounds with known ambient vapor pressure (p0, atm; or C* g m-3) and apparent 

heat of sublimation (Hsub). Figure 1 illustrates excellent agreement of our experimentally derived results 

with the literature tabulated values for the tested standards.   
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Figure 1. Correlation plot of our experimental TPD-DART-HRMS data vs. literature reported values 

of a) logC* and b) ΔHsub for selected organic standards tested in our study. Red dashed line indicates 

1:1 correlation.  

We extended these experiments to interrogate individual organic components in complex samples of SOA 

generated in the laboratory-controlled ozonolysis of -pinene, limonene and ocimene (PSOA, LSOA and 

OSOA). The prominent species of interest within SOA mixtures were distinguished based on their accurate 

mass measurements, and their TPD profiles were used to experimentally determine their apparent flash 

temperatures (Tflash) and Hsub values. Then, based on the experimental values of Tflash and Hsub, and 

applying Clausius-Clapeyron equation, we were able to calculate gas-phase partial pressures (pT) of the 

identified species for the range of experimental temperatures T. Figure 2 illustrates correlation plot between 

p298K values of OA components determined from the presented untargeted TPD-DART-HRMS 

measurements versus the ‘Molecular Corridors (MC)’ model (Li et al, 2016) calculations of p298K, which 

showed overall good consistency between our experimental results and the MC modeled values. However, 

the observed deviation 1:1 correlation line suggested overprediction of the equilibrium vapor pressures by 

modeling results, which is more pronounced for species with larger molecular weight.  

 

Figure 2. Correlation plot of logC* measured in our experiments versus values predicted by MC model 

for constituents in PSOA (orange diamonds), LSOA (blue circles), OSOA (olive squares). Areas inside 

the symbols are color-coded with respect to O/C ratio. Grey triangles correspond to the organic 

standards used in this work. Red dashed line indicates 1:1 correlation.   
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Presented results indicate very promising applicability of the reported TPD-DART-HRMS method for 

untargeted analysis of organic molecules in OA and other environmental mixtures, enabling rapid detection 

and quantification of organic pollutants in the real-world condensed-phase samples with no sample 

preparation. 
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INTRODUCTION 

A measurement campaign of particle number concentration and size distribution was conducted at urban 

(SYSU) and suburban (Panyu) areas of Guangzhou, South China, during 16 January to 3 February 2020 

before and during the Chinese New Year (CNY) holiday. Average particle number concentration (PNC) was 

6.3 × 103 cm–3 and 9.7 × 103 cm–3, respectively, at urban and suburban sites, indicating the severe particulate 

matter (PM) pollution. The PNC in the region was influenced by monsoon and the land–sea breeze systems. 

During monsoon seasons, PM pollution occurred at a regional scale affecting the urban and suburban areas 

as indicated by the high PNC correlation (r value = 0.70), but the PNCs were lower than that during land-sea 

breeze period (with lower PNCM1/PNCLSB1 and PNCM2/PNCLSB2 ratios) due to the higher atmospheric 

dispersion. There is a strong local emission (mainly vehicular emissions) in both urban and suburban areas 

which was significantly lowered during the CNY period due to reduced human activities. The PM pollution 

was found to be significantly influenced by local emissions (dominated by Aitken mode particles) and new 

particle formation (NPF) process (dominated by nucleation mode particles). NPF event was found to be 

associated with a higher N10-25/H2SO4 proxy ratio during the low wind speed condition. 

 

METHODS 

Field measurements of particles and gaseous pollutants were conducted at two locations in the mega city of 

Guangzhou (with a population of 18.8 million) during 16 January to 3 February 2020, to represent the urban 

and semi-urban environments. Figure 1 illustrates the sampling location of urban site at rooftop of the eight-

floor campus building at Sun Yat-sen University located in Haizhu District of Guangzhou (SYSU, 23.10°N, 

113.30°E), and semi-urban site at rooftop of the building of Bureau of Ecology and Environmental 

Protection at Panyu, approximately 25 km southeast from the central city area of Guangzhou (PY, 22.94°N, 

113.37°E). The SYSU site is situated in the center of Guangzhou which is primarily affected by vehicle 

emissions as Guangzhou was known to have one of the highest traffic in China (16.5 million daily traffic) 

(Zhao and Moh, 2005), and the PY site is situated in the suburban areas of Panyu, dominated by local light 

industrial and domestic emissions. Panyu is one of urban districts of the prefecture-level city of Guangzhou. 

It was a separate county-level city before its incorporation into modern Guangzhou in 2000. 
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Figure 1. Locations of sampling sites: urban monitoring site at Sun Yat-sen University (SYSU), Guangzhou 

(circle); suburban monitoring site at Panyu (PY), Panyu (triangle). 

 

CONCLUSIONS 

This result showed the stronger influence of winter monsoon at the upwind urban site (SYSU) compared 

with that at downwind suburban site (PY). We further investigate the PNC under different wind direction for 

two sites. Highest PNC (i.e., 12.6 × 103 cm–3) was obtained under the wind direction (225–270 degree) in 

urban site, while highest PNC (i.e., 10.0 × 103 cm–3) was obtained under the wind direction (0–45 degree) in 

suburban site. Similar observations for NOx were obtained where higher NOx observed under southerly wind 

in urban, and higher NOx observed under northerly wind in suburban, respectively. These finding showed 

that the different variation patterns of PNC at the urban (SYSU) and suburban (PY) sites were obtained 

under the influence of the winter monsoon. 

 SYSU PY 

PNC (103 cm–3) NOx (µg m–3) WS (m s–1) PNC (103 cm–3) NOx (µg m–3) WS (m s–1) 

WD Avg. S.D. n Avg. S.D. n Avg. S.D. n Avg. S.D. n Avg. S.D. n Avg. S.D. n 

0 ≤ WD < 45 3.9 3.8 109 14.9 10.7 107 2.2 0.7 109 10.3 5.3 32 24.7 10.1 33 0.2 0.3 33 

45 ≤ WD < 90 6.9 2.4 60 32.0 15.3 63 1.5 0.8 67 8.4 2.7 34 27.2 10.4 41 0.2 0.3 41 

90 ≤WD< 135 8.0 3.4 63 36.4 25.9 75 1.2 0.7 75 7.8 3.0 108 22.2 11.3 112 0.3 0.5 112 

135≤WD< 180 8.9 3.3 28 48.4 41.9 30 0.7 0.5 30 7.0 5.9 22 13.6 9.1 22 1.1 0.8 22 

180≤WD < 225 8.0 3.9 26 67.6 41.0 25 0.3 0.1 27 8.1 4.2 32 19.5 12.8 32 1.0 1.2 32 

225≤WD < 270 12.6 4.6 8 51.8 23.8 8 0.4 0.2 9 5.1 4.8 32 8.4 4.5 33 2.2 0.8 33 

270 ≤WD< 315 8.7 4.8 14 35.3 26.2 12 3.1 5.2 14 6.0 2.9 113 14.8 10.1 113 2.7 1.1 113 

315≤WD < 360 5.5 3.7 123 23.3 16.7 121 1.7 0.6 124 9.1 3.6 59 32.6 23.8 67 1.0 0.9 67 

Table 1. Averaged PNC observed at SYSU and PY associated with different wind direction. The NOx and wind 

speed data for SYSY and PY were measured at HZP and DS stations. 
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Figure 2. Scatterplots between the PNCs of SYSU and PY for (a) whole measurement period and (b) monsoon 

period. 

For monsoon periods, the r value is 0.70 (p < 0.001) a slightly higher than that for whole period (r = 0.60) 

(Figures. 2(a) and 2(b)) which implied the stronger influence of particle emission sources from upwind urban 

site (i.e., SYSU) to downwind suburban site (i.e., Panyu) under the northerly winds during the monsoon 

periods. In contrast, the r value is weaker (0.30, p < 0.001) during land–sea breeze periods which implied 

that the PNCs at both sites were primarily attributed to local emissions. 

 

Figure 3. From bottom to top panel. Temporal profiles of (a) Number concentrations of particles ranging from 10–

25 nm diameter (N10-25), and 25–480 nm diameter (N25-480); (b) particle size distribution, geometric mean diameter 

(GMD); (c) particle condensation sink and H2SO4 proxy with wind speed on color scale. NPF events were 

highlighted by red rectangular, and weak NPF events were highlighted by blue rectangular. 

b) 
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The averaged H2SO4 proxies during LSB1 and LSB2 (land-see breeze periods) were 11.3 × 103 Wm–2 ppb s 

and 39.0 × 103 Wm–2 ppb s, respectively, while average N10-25 for these periods were 1390 cm–3 and 490 cm–

3, respectively. Relatively high H2SO4 proxies observed in the M2 period (monsoon period during the CNY 

holiday) in which only three weak NPF events occurred (i.e., 28 January, 29 January, 30 January), 

demonstrating that occurrence of NPF in urban Guangzhou is not solely governed by precursors such as 

sulfuric acid. In addition, we observed that a relatively stronger wind speed was found during the weak NPF 

event days (i.e., 28 January, 29 January, 30 January, averaged wind speed: 2.2 ± 0.7 m s–1) compared to that 

for strong NPF event days (i.e., 18 January, 20 January and 31 January, averaged wind speed: 1.3 ± 0.7 m s–

1) (see Figure 3). In this study, the condensation sink (CS) for different periods were 0.0363 s–1 and 0.0143 s–

1 for M1 and M2, and 0.0416 s–1 and 0.0357 s–1 for LSB1 and LSB2, respectively. In general, higher 

condensation sink (CS) was observed during the period before the CNY holiday (i.e., M1 and LSB1) and 

also higher for land-sea breeze periods than that of monsoon periods, as more pre-existing particle existed 

due to more local emissions, which impede the NPF processes. Bousiotis et al. (2021) showed that the wind 

speed has positive and negative effects on the occurrence of NPF event which varied depending on the air 

masses and local conditions. High wind speed could enhance the occurrence of NPF event by increased 

mixing of condensable compounds which eventually lower the condensation sink. On the other hand, the 

high wind speed may impede NPF due to increased atmospheric dilution (Bousiotis et al., 2021). Our results 

therefore provide evidence that mix of conditions were affecting the NPF process, where NPF events 

occurred when the CS level and wind speed are low. This indicated that local conditions need to assess to 

better understand the NPF process.  
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INTRODUCTION 

 

New particle formation (NPF) is a process, in which vapor molecules form molecular clusters, which can 

grow further to aerosol particles via condensation of the same or other vapor molecules. NPF is typically 

observed in the atmosphere as sudden bursts of recently formed particles. Such NPF events (NPFE) 

happen frequently around the world in many different kinds of environments (Kulmala et al. 2004; 

Nieminen et al. 2018). Dal Maso et al. (2005) presented a scheme to classify days into event days and non-

event days depending on if a new, growing mode of particles was appearing or not. All unclear days in this 

regard were lumped into a class called undefined. Later on, it has been recognized NPF happens also on 

days that are classified as undefined or non-event (Buenrostro Mazon et al. 2009; Kulmala et al. 2022), 

even though the size distribution would not show a typical “banana-shape” resulting from a regional-scale 

NPFE. Also, there is now instrumentation available that can detect the particle size distribution down to 

<3 nm in particle diameter, where the first steps of particle formation happen, making it possible to 

differentiate between NPFE taking place at or very near the measurement site and NPFE where particles 

are forming somewhere else and are transported to the measurement site. 

 

As the knowledge of new particle formation process has vastly increased in the past decades, it is crucial 

to agree on a new NPFE classification scheme. Our aims for the improved classification scheme are: 1) it 

should be universal, so that it can be applied in different kinds of environments from clean to very 

polluted, 2) instead of a time resolution of a day, it should give the exact time windows when a NPFE is 

observed and be able to identify several NPFEs on one day if needed, 3) it should be able to distinguish if 

the NPFE happens at the measurement site or further away and 4) it should be able to classify NPFEs that 

happen in a spatially limited area (e.g. in the vicinity of a point or line source) rather than only classical 

“banana-type” NPFEs happening on a regional scale. The classification was built assuming that there is an 

instrument available that can measure the size distribution at least down to 3 nm, preferable lower. 

 

METHODS 

 

The decision tree for manual classification, based solely on visual inspection of the aerosol particle size 

distribution data, is presented as Figure 1, and the resulting classes are summarized in Table 1. 

 

The new classification scheme differentiates between NPFEs happening at or very near the observation 

site (1a and 1b), evidenced by the presence of recently formed particles (new particle mode mainly in the 

size range smaller than 5 nm), and transported NPFEs, where the main mode has grown beyond 5 nm at 

the time when the particles are first observed (1c and 2c). If the size distribution shows a clear growth 

pattern, typical for regional NPFEs, it always classified as NPFE (1a or 1c), while cases which do not 

show a clear growth pattern are classified either as NPFE at/near the site but in a limited area (1b; also 

sometimes called “clustering” due to the presence of small clusters which do not grow), or uncertain, 

potential NPFE in limited area (2c). The latter could result from a NPF precursor source over a limited 

area at a distance from the observation site, e.g. coastline resulting in “apple-type events”, however one 
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needs site-specific information to distinguish these from other emission related sources of nucleation 

mode particles.  

 
Figure 1. New decision tree for classifying new particle formation events. 

 

 

Table 1. Classes used in the new classification scheme and their typical interpretation. 
Class Smallest size 

of appearing 

mode 

Subsequent 

growth 

observed 

Additional 

remarks 

Typical interpretation and 

earlier names 

1a: NPFE at/near the 

site and in regional 

scale 

 

< 5 nm YES - Regional NPFE taking place also 

at or very near the observation 

site. Also called “Banana-type 

event”. 

1b: NPFE at/near the 

site but in a limited 

area 

 

< 5 nm NO or not 

clear 

- NPFE taking place in a limited 

area at or very near the 

observation site. Also called 

“Clustering” or “local event” 

1c: NPFE in regional 

scale but not at/near 

the site 

 

5-25 nm YES - Regional NPFE, which does not 

take place at the observation site. 

Also called “Transported event”. 

2a: Uncertain, 

potential weak, short 

or highly localized 

NPFE 

 

<25 nm* NO or not 

clear 

Mode not clear or 

NPFE lasts <2h 

Weak or fluctuating NPFE that 

cannot be clearly distinguished 

from the background or a 

temporally short particle burst, 

which could be also related to 

emissions.  

2b: Uncertain, 

potential emissions 

<25nm* NO or not 

clear 

Very wide mode 

extending to >25 

nm at appearance  

Likely related to anthropogenic 

emissions (e.g. traffic rush hour), 

but NPFE cannot be ruled out 

2c: Uncertain, 

potential NPFE in a 

limited area 

5-25 nm NO or not 

clear 

 Potential NPFE taking place in a 

limited area further away from the 

observation site, but emissions 

cannot be ruled out without more 

information. Also called “Apple-

type event”. 
* Times with <5 nm particles present should be included in the time series of potential NPFE at/near the site 

 

Note, that here we aim to classify atmospheric NPFEs, i.e. NPFE happening in a mixed atmospheric layer. 

Therefore, the decision tree is formulated in such a manner that direct emissions of nucleation-mode 
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particles from traffic or some other combustion sources (even though they might have resulted from new 

particle formation in the tailpipe, or directly after it) would end up in class Uncertain, potential emissions 

(2b), as they typically lead to a very wide particle mode, extending to >25 nm. However, based on 

measured particle size distribution only, it is not always possible to distinguish atmospheric NPFEs, 

especially those occurring at a distance from the observation site, from primary sources of nucleation 

mode particles. 

 

Therefore, we define three different uncertain classes for cases, where it is not possible to say, whether the 

observed nucleation-mode is related to a NPFE. Unlike the earlier undefined class (Dal Maso et al. 2005), 

the uncertain cases should be regarded as potential NPFEs, which can be further analyzed with the help of 

other data, if that is of interest. Site-specific information, e.g. gas concentrations, traffic flow rates or wind 

directions, can help to interpret these cases, but we suggest that the main classification is first done solely 

based on the particle size distribution so that different sites are comparable, and that additional site-

specific sub-classes or flagging can be done as second step. Sites that have size distribution data starting 

only at 5 nm/ 10 nm may use the main classes 1 and 2, but cannot fully distinguish between NPFEs 

happening on-site and further away. 

 

 

CONCLUSIONS 

 

The finalized classification scheme will be tested by several people classifying size distribution data from 

several different measurement sites both individually and in pairs. We will present the agreement between 

different classifiers and compare the results with the original Dal Maso scheme. We will also show 

examples of cases in which distinguishing NPFE from anthropogenic sources is difficult and how using 

additional data helps to confirm the classification.  

 

We believe that the new classification scheme can help to unify the method and terminology for 

classifying new particle formation events. The classification should not be taken as an absolute measure 

on whether NPF process happens or not, but it can serve as a tool to separate intense NPF times (i.e. times 

when a NPFE is taking place) from conditions that are not favorable for NPF. When combined to 

information on the precursor concentrations or cluster composition, it can be used to identify the NPF 

mechanisms or necessary preconditions leading to a NPFE. It is likely that in future different artificial 

intelligence or machine learning methods will help in or even replace the manual classification step, but it 

is still highly important that we agree on the terminology and relevant classes based on our physical 

understanding of the NPF process. 
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INTRODUCTION 
 
The particulate matter (PM) in the atmosphere has been well confirmed to have adverse impacts on human 
health and complicated effects on climate. The air quality in Ireland was once significantly deteriorated by 
air pollutants emitted from domestic coal combustion activities in the 1980s (Clancy et al., 2002). The 
Irish government introduced the smokey coal ban in 1990, which resulted in immediate and sustained 
reductions in PM levels, e.g., the field observation results showed that the black smoke concentrations in 
Dublin, the capital city of Ireland, was reduced by ~70% after the ban was put into force (Goodman et al., 
2009). The air quality in Ireland has been improving gradually and surely with natural gas and electricity 
becoming more and more dominate residential energy and heating sources. However, extreme air 
pollutions with the mass concentration of submicron aerosols exceeding 300 μg m-3 were still observed 
occasionally during cold months, which were mainly related to domestic solid fuel combustion, and the 
disproportionate impacts from so-called “low-carbon” and “carbon-neutral” solid fuels (e.g., peat and 
wood) (Lin et al., 2018).  Moreover, due to the increasing wood stove advertisements and significant fuel 
price increase caused by Ukrainian-Russian war, the emissions from local solid fuel combustion activities 
are supposed to impair the air quality in Ireland greatly and continuously. In the past decade, extensive 
studies have been conducted to characterize the air pollution in Ireland (Lin et al., 2020; Lin et al., 2022), 
while the long-term trends of air pollution and corresponding influencing factors are still understudied. 
Since the situation is changing year to year, it’s very critical to conduct continuous field aerosol 
measurements and have a deeper insight into the long-term variations for more targeted and effective 
regulations in the future. In this study, based on the parallel real-time measurements of submicron aerosol 
species at three representative sites over Ireland, the multi-year variations of aerosol chemical composition 
and source emissions have been analyzed.  
 

METHODS 
 
AEROSOURCE is a next-generation in-situ Air Quality network measuring speciated aerosol 
concentrations in real-time at high temporal resolution over Ireland at three strategic sampling sites in 
parallel, i.e., Mace Head (MHD, 53.33 °N, 9.54 °W), University College Dublin (UCD, 53.31 °N, 
6.22 °W), and Carnsore Point (CRP, 52.18 °N, 6.37 °W). The location of the three sites were shown in 
Figure 1. An Aerodyne High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) was 
deployed at MHD, and two Quadrupole Aerosol Chemical Speciation Monitors (Q-ACSM) (Ng et al., 
2011) were deployed at UCD and CRP respectively to measure the real-time mass concentrations of non-
refractory chemical species in submicron aerosols (NR-PM1). The measured chemical species of NR-PM1 
included organics (Org), sulfate (SO4), nitrate (NO3), ammonium (NH4) and chloride (Chl). Optical 
absorption of black carbon was measured by collocated Aethalometers (model AE33) and the mass 
concentration of equivalent black carbon (eBC) was retrieved from the standard 880 nm wavelength 
channel. The duration of the NR-PM1 and eBC field sampling and the coverage of hourly data throughout 
every year at UCD were summarized in Table 1. Positive Matrix Factorization (PMF) combined with 
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multilinear engine (ME-2) were used for the source apportionment of organic aerosols (OA) (Ulbrich et 
al., 2009).  

 
Year Duration Data coverage 

 Q-ACSM AE33 Q-ACSM AE33 
2016 Aug-Dec. Aug-Dec. 39.6% 39.7% 
2017 Jan.-Dec. Jan.-Dec. 96.2% 96.2% 
2018 Jan.-May, Sep.-Dec. Jan.-May 68.1% 35.8% 
2019 Jan.-Mar., Sep.-Dec. - 44.6% 0 
2020 Jan.-Dec. - 92.2% 0 
2021 Jan.-Dec. Jan.-Dec. 97.8% 97.8% 
2022 Jan.-Dec. Jan.-Dec. 92.3% 92.3% 

 
Table 1. Summary of the PM1 sampling duration and hourly data coverage from 2016 to 2022 at UCD.  

 

 
 

Figure 1. Location of the three sampling sites, i.e., MHD, UCD and CRP.  
 
 

CONCLUSIONS 
 

The air quality in Dublin has been improving gradually and furtherly since 2016, with the annual average 
mass concentration of PM1 decreased from 8.0 μg m-3 in 2016 to 4.1 μg m-3  in 2022, and the total number 
of days when PM1 concentration exceeds the WHO recommendation value (15 μg m-3) has decreased to 11 
days in 2022. Specifically, the extreme air pollutions have been reduced significantly, e.g., the maximum 
hourly PM1 concentration has decreased to 77 μg m-3 in 2022 compared to 317 μg m-3 in 2016.  The high 
PM1 concentrations in Dublin was more related to local emissions, especially domestic solid fuel burning, 
characterizing by large contributions from primary organic aerosols. While the long-range transport also 
plays an important role with high fractions of inorganics especially NO3. The chemical composition of 
PM1 in Dublin was similar over the years, i.e., dominated by Org and then followed by NO3 or SO4. 
However, it’s quite worrisome to see that the mass concentration of SO4 has been increasing since 2021 
and showed higher contribution to PM1 especially during cold months, indicating that the sharply 
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increasing fuel prices recently may have led to a change in fuel usage, possibly with more coal and solid 
fuel combustion in households. This could indicate severe air pollution episodes that may need further and 
more effective regulations in the near future to ensure good enough air quality.  
 

 
Figure 1. Changes of average (a) mass concentrations and (b) mass fractions of PM1 species from 2016 to 
2022, the variations of maximum hourly PM1 mass concentration were also shown. Note that the eBC data 

were not available in 2018, 2019 and 2020. 
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INTRODUCTION 

Nucleation is the first step of the transition from the gas to the condensed phases. Despite being 

a ubiquitous phenomenon in the atmosphere and various industrial processes, the underlying mechanisms 

of nucleation as well as the subsequent cluster growth are in many cases not well understood, especially 

in multicomponent vapors where different species could interact to collectively determine the cluster 

formation pathway. Here we investigate phase transition on the molecular level in mixtures at 

temperatures lower than 100 K, using an experimental setup that combines the uniform postnozzle flow 

of pulsed Laval expansions, soft single-photon ionization, and time-of-flight mass spectrometry. We 

study nucleaiton and cluster growth in two types of systems. The first type of system (e.g. toluene-CO2 

mixture) consists of both high and low volatility vapors, while the second type of system (i.e., nonane-

water mixture) consists of vapor components whose inter-species interactions are weak compared to the 

intra-species interactions. 

METHODS 

Detailed descriptions of the experimental setup can be found in our previous publications 

(Schläppi et al., 2015; Li et al., 2021) and a brief summary is given here. In our experiments nucleation 

occurs in a uniform postnozzle flow of a Laval nozzle expansion. The temperature of the flow is 

controlled by using nozzles of different dimensions and modifying carrier gas compositions. By changing 

the distance between the nozzle exit and a sampling skimmer (which is connected to a time-of-flight 

mass spectrometer equipped with single-photon ionization), the nucleation time can be adjusted. We 

retrieve the time-resolved cluster mass spectra with this setup, from which the cluster number 

concentrations are calculated with by comparing cluster signals to signals of a reference gas (i.e., 

methane). The nucleation rate is obtained by derivatizing the total cluster concentration with respect to 
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time. The cluster growth rate is calculated with an equation we developed in a previous work (Li et al., 

2019). The nucleation rates and cluster growth rates are compared between single component and 

multicomponent systems. The differences revealed in this comparison shows the role of inter-species 

interactions in gas-to-particle phase transitions.  

CONCLUSIONS 

In systems of the first type (e.g., toluene-CO2 mixture), we show that the phase transition in the 

gas mixtures starts with the formation of stable clusters made of the low volatility species, but both the 

nucleation rate and the initial cluster growth rate are enhanced by the presence of the high volatility 

vapor component (Li et al., 2021). The enhancements are explained by the formation of transient, 

heteromolecular clusters containing the high volatility vapor molecules, which help dissipate the 

excessive kinetic energies upon molecuar collisions (similar to the Chaperon mechanism). Once the 

clusters of the low volatility speices grow to certain sizes and become sufficiently cooled, they can serve 

as seeds for the heterogeneous condensation of the high volatility component. In the second type system 

with weak inter-species interactions, i.e., nonane-water mixture, it is shown that unlike the first system, 

the nucleation of both vapors proceeds independently, although there are indications that water cluster 

growth is slowed by surface sorption of nonane (Feusi et al., 2023). Our work demonstrates how different 

species interact to influence gas-to-particle conversion on the molecular level and opens up new avenues 

for the quantitative assessment of phase transition kinetics. 
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INTRODUCTION 

New particle formation (NPF) and growth is a major source of atmospheric fine particles. 

In the polluted urban environments of Beijing, NPF events occur frequently with characteristics 

distinct from those in clean environments. We have previously investigated the particle 

formation and growth mechanisms in Beijing (Cai et al., 2021; Qiao et al., 2021) but have not 

shown if the NPF events can be ‘reproduced’ by simulations which adopts the proposed 

mechanisms. Here we simulate several NPF events in urban Beijing with a discrete-sectional 

model that couples cluster dynamics and multicomponent particle growth. In the model, new 

particles are formed by sulfuric acid-dimethylamine nucleation, while particle growth is driven 

by particle coagulation and the condensation of sulfuric acid, its clusters, and oxygenated 

organic molecules (OOMs). We compare the simulation with field observations and trace the 

possible causes for simulation-observation differences with sensitivity analysis.  

METHODS 

The structure of the model used in this study is shown in Fig. 1 (Li et al., 2023). The model 

considers the formation, growth, and coagulation of both molecular clusters and particles, as 

well as their loss to pre-existing particles. Input to the model includes the ambient temperature, 

the cluster free energies, the time-resolved concentrations of gaseous precursors, and the 

particle size distribution outside the simulation domain. The simulation yields a rich set of 

information including the time dependent NPF rates, the cluster concentrations, the particle size 

distributions, and the time- and size-specific particle chemical compositions. These can be 

compared with the field observations to comprehensively assess the simulation-observation 

agreement. Sensitivity analysis with the model further quantifies how metrics of NPF events 
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(e.g., particle survival probability) respond to model input variations and serves as a diagnostic 

tool to pinpoint the key parameter that leads to simulation-observation discrepancies. 

 

Figure 1. (A) A schematic of the simulation model used in this work. A and B represent acid 

and base molecules, respectively; C1 and C2 represent two condensing organic vapors of 

different volatilities.  Cluster formation by cluster-cluster association is not shown in this 

figure but is included in the simulations. (B) Particle size distribution observed in the field 

observation (first row) and produced by the simulation (second row). The figure is a 

combination of Figs. 1&2 in Li et al. (2023) 

The measurement data used in this work were obtained from the ambient observation 

between Oct. 1st, 2018 to Dec. 31st, 2018 at the AHL/BUCT station in Beijing. State-of-the-

art instruments were deployed to measure the key parameters for new particle formation and 

growth including the gaseous concentration of sulfuric acid, dimethylamine and oxygenated 

molecules. We selected seven NPF events for analysis based on the availability of measurement 
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data, i.e., the availability of meteorological conditions, the PSD, and the concentrations of SA, 

DMA, and OOMs.  

CONCLUSIONS 

Several typical NPF events in urban Beijing were analyzed. We found that with the 

observed gaseous precursor concentrations and coagulation sink as model inputs, the 

simulations roughly captured the evolution of the observed particle size distributions, as shown 

in Fig. 1B. However, more detailed analysis show that the simulated particle growth rate was 

insufficient to yield the observed particle number concentrations, survival probability, and 

mode diameter. With the aid of sensitivity analysis, we identified underdetected OOMs as a 

likely cause for the discrepancy, and the agreement between the simulation and the observation 

was improved after we modulated particle growth rates in the simulation by adjusting the 

abundance of OOMs.  
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INTRODUCTION 

 

New particle formation (NPF) is a major source of atmospheric aerosols (Gordon et al., 2017; Kerminen et 

al., 2018; Nieminen et al., 2018). As particles form and grow, they can reach large enough sizes that can act 

as cloud condensation nuclei (CCN), affecting cloud properties (Spracklen et al., 2008; Roldin et al., 2011; 

Sanchez et al., 2016) and ultimately the global climate depending on the particle size and their chemical 

composition (Calvo et al. 2013; Bellouin et al. 2020). Particle formation rate (J), an essential parameter 

describing NPF, can provide information on the particle survivability, allowing us to represent NPF in global 

models to better understand the effect of NPF on cloud properties and radiative forcing. To understand the 

climatic effects of NPF, we require not only atmospheric measurement data of aerosol size-distributions for 

determining J, but also a universal parameterization of J which is representative for multiple environments. 

In this work, we develop a parameterization of J based on observations from field measurements to 

characterize important parameters for ultrafine aerosol formation, which can be subsequently incorporated 

into global models (e.g. the European community Earth-System Model, EC-Earth, chemistry transport 

model TM5: Tracer Model 5, version TM5-chem-v3.0) to represent new particle formation in global scale.  

The parameterization focuses on particle formation rates at 5 nm particles (J5) using data from seven distinct 

environments: Hyytiälä (boreal forest, Finland), Beijing (megacity, China), Värriö (sub-arctic remote boreal 

forest, Finland), Budapest (urban, Hungary), Agia Marina Xyliatos (rural, Cyprus), Marambio (polar-marine 

island, Antarctic Peninsula) and Manacapuru (Amazon basin, Brazil). By incorporating information from 

various types of environments, we will be able to demonstrate descriptive power of our models on J5 in 

global scale. The aim of this work is to provide an effective tool for global particle formation rate 

estimations. Our parameterizations have three main features: (1) the number of inputs is limited to be the 

most essential parameters involved in NPF process, (2) they do not involve complex microphysics at 

particles smaller than 5 nm, and (3) they cover a wide range of environment types for an improved global 

simulation accuracy. These features will enhance the applicability of the parameterizations for the purpose 

of global model application.  
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METHODS 

 

The parameterizations used the combined dataset from 7 measurement sites in hourly time resolution. Data 

points were selected considering the detection limit of the instruments and the validity of the values, such 

as J5 > 1×10-5 (cm-3 s-1), H2SO4 concentrations > 0 (cm-3), RH ∈ [0,100]%. After that, the complete dataset 

was randomly resampled into a training set (75% from the complete dataset) and a testing set (25% the rest 

of the complete dataset). For an additional test on the trained model, we included H2SO4 proxy concentration 

developed by Dada et al. (2020) specifically, for Hyytiälä and Beijing as input variables. This is to test the 

feasibility and accuracy of our models when inputting values from other proxies. 

Several functional forms were considered among the parameters (H2SO4, RH, CS) relating to J. All models 

regarded H2SO4 as the main precursor vapor, and the complexity of models increased on top of the previous 

model. 

Model 1: 𝐽5 = 𝑘0 ∗ [𝐻2𝑆𝑂4] 

Model 2: 𝐽5 = 𝑘0 ∗ [𝐻2𝑆𝑂4] ∗ 𝑅𝐻𝑘𝑅𝐻  

Model 3: 𝐽5 = 𝑘0 ∗ [𝐻2𝑆𝑂4] ∗ 𝑅𝐻𝑘𝑅𝐻 ∗ 𝐶𝑆𝑘𝐶𝑆  

Model 4: 𝐽5 = 𝑘0 ∗ [𝐻2𝑆𝑂4]𝑘𝑆𝐴 ∗ 𝑅𝐻𝑘𝑅𝐻 ∗ 𝐶𝑆𝑘𝐶𝑆  

First, the training dataset went through the optimization algorithm called “fmincon” in the programming 

software MATLAB to retrieve the values of each coefficient (k0, kSA, kRH and kCS). Second, we computed the 

modelled J5 utilizing these coefficients and the input parameters from the testing dataset. Finally, we 

evaluate the model performance through comparison between the modelled and measured J5 values. 

 

RESULTS AND CONCLUSIONS 

 

In Figure 1, we show the comparison between the measured and parametrized formation rates. Compared 

to model 1, all of models 2, 3, 4, show improved closure, demonstrating the significance of including 

meteorology and vapor loss impacts into the models. The modelled J5 for individual sites reflected 

seemingly diverse particle formation pathways upon environment types. For boreal forests, the sulfuric acid-

based models can predict J5 on a satisfactory level. For urban environments, the predictions are typically 

underestimated. The results for Beijing were considerably improved when RH and CS were included, but it 

was not the same for Budapest. The J5 predictions for Budapest can still benefit marginally from the 

parameters considered in our formulas; Underestimations in Cyprus and Amazon basin (rural) have not been 

resolved with the incorporation of meteorology and vapor loss consequences, allowing room for further 

NPF-related parameters to be included (Baalbaki et al., 2021). For Antarctica Peninsula (marine), our 

models underestimated the observations since the simplified formulas do not cover iodine-based formation 

pathway, which is presumably the dominating pathway in this environment (Quéléver et al., 2022). All 

models confirmed that using H2SO4 concentrations from proxies as the input parameter was feasible. 

Overall, the model performances were significantly improved when including the meteorological and vapor 

loss impacts. Such improvements were in line with the facts that lower RH favoring NPF (Hellmuth, 2006; 

Dada et al., 2017, 2018; Ding et al., 2021), as well as the survivability of the H2SO4 concentrations indicated 

by CS during particle formation processes (Hellmuth, 2006; Kulmala et al., 2012). Based on these 

parameterization results, we meet our research objectives of (1) filling the knowledge gap on the particle 

formation rate at 5 nm, (2) describing global particle formation pathway across a wide range of environment 

types, and (3) developing the models with primarily the essential input parameters related to NPF processes. 

The models developed in this research can be included in global simulations. 
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Figure 1. Comparison of the measured J5 values to modelled values from the four models using testing 

dataset containing data from all sites in hourly time resolution. Each color represents the data from one 

measurement site, including datasets with H2SO4 proxy data from Hyytiälä and Beijing. The straight line 

shows the linear fit between the logarithmic values of the modelled and the measured J5, and the dashed line 

represents the 1:1 line.  
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INTRODUCTION 

 

New particle formation (NPF) events, a major source of particle number concentrations all over the world, 

could be initiated by different nucleation mechanisms in diverse environments. Specifically, in polluted 

urban atmospheres, sulfuric acid (SA)-amine nucleation, such as SA-dimethylamine (DMA) nucleation 

usually initializes intense NPF events (Yao et al., 2018; Cai et al., 2021). This is mainly due to the 

relatively high stabilities of SA-DMA clusters and correspondingly high formation rates of larger clusters 

under high coagulation scavenging effects. However, the present parameterizations of SA-DMA 

nucleation applied in the chemical transport models have not quantitatively included the effects of 

coagulation scavenging and cluster stabilities. We herein report a parameterization of 1.4 nm particle 

formation rates (J1.4) through SA-DMA nucleation based on cluster dynamic simulations and quantum 

chemistry calculations. We demonstrate the significant improvements in simulating the temporal 

characteristics of NPF using this parameterization through comparisons between simulated and measured 

J1.4. Furthermore, we explored the availability of this methodology in parameterizing the formation rate 

through other SA-amine nucleation mechanisms. 

 

METHODS 

 

 

The parameterization of J1.4 through SA-DMA nucleation was set up based on the key pathway of SA-

DMA cluster formation presented in a previous cluster kinetic model (Cai et al., 2021). The values of 

Gibbs free energy and enthalpies of SA-DMA clusters are achieved from quantum chemistry calculations 

(Myllys et al., 2019). Finally, for SA-DMA nucleation, the parameterized J1.4 could be derived through 

four different input variables (temperatures T, condensation sinks CS, [SA], and [DMA]).  

 

Certain assumptions of quasi-steady-state have been made in this study to achieve an explicit expression 

of J1.4 and reduce computational costs. The availability of these assumptions was evaluated by calculating 

the e-folding time of certain cluster formation processes under typical conditions. Comparisons have also 

been made between the parameterized J1.4 and the simulated J1.4 from the kinetic model and a cluster 

dynamic simulation.  
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The improvements of this parameterization to the temporal characteristics of NPF were further 

demonstrated through comparisons between this parameterization, previous parameterizations and the 

measured formation rates. The measured precursor concentrations and particle number size distributions 

were achieved from ambient observations at an urban site in Beijing. The concentrations of SA are 

measured using a chemical ionization high resolution time of flight mass spectrometer and a chemical 

ionization time of flight mass spectrometer with a long mass analyzer (Bertram et al., 2011; Jokinen et al., 

2012). Amine concentrations are measured using a modified time of flight mass spectrometer (TOF-MS) 

(Zheng et al., 2015). The PNSDs of particles from 1 nm to 10 μm were measured using a particle size 

distribution (PSD) and a diethyl glycol-scanning mobility particle sizer (DEG-SMPS) (Jiang et al., 2011; 

Liu et al., 2016; Cai et al., 2017a). CS is calculated from the measured PNSDs and J1.4 is calculated using 

an improved aerosol population balance formula (Cai et al., 2017b).   

Furthermore, we explore the potential of applying this methodology in parameterizing other SA-amine 

nucleation rates. With different values of Gibbs free energy and collision coefficients applied in the 

parameterization, it could be extended to simulate other SA-amine (such as SA-MA and SA-TMA) 

nucleation rates. The availability of the quasi-steady-state assumptions in different SA-amine mechanisms 

was also evaluated by calculating e-folding time. 

 

CONCLUSIONS 

 

 

As a parameterization based on cluster dynamic simulations and quantum chemistry calculations, this 

parameterization of J1.4 in SA-DMA nucleation has included the effects of coagulation scavenging and 

cluster stabilities. Compared with previous parameterizations, this parameterization could reproduce the 

dependencies of J1.4 on CS and T. Thus with this new parameterization, significant improvements have 

been achieved in simulating the different levels of J1.4 on NPF and non-NPF events in urban atmospheres. 

Furthermore, with higher evaporation rates than those of DMA, the nucleation rates through clusters of SA 

and other amines, such as methylamine and trimethylamine, would also be available for quasi-steady-state 

assumptions. These results also indicate that in polluted urban atmospheres, consideration of high 

coagulation sinks and cluster stabilities into nucleation parameterizations could be essential. The 

methodology of applying quasi-steady-state assumptions into cluster dynamic models might be plausible 

in addressing these effects in the parameterizations of binary SA-amine nucleation or even other 

nucleation mechanisms. 
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INTRODUCTION 
 

Organic compounds with sufficiently low volatility can partition onto existing aerosol particles or form new 

particles. Low-volatility organic compounds (LVOCs) play a significant role in atmospheric aerosol 

formation. Under gas-particle equilibrium, LVOCs primarily partition into the particle phase and contribute 

significantly to aerosol mass. Saturation vapor pressure (psat) is the key thermodynamic property governing 

the equilibrium between gas and particle phases. Knowledge about psat of LVOCs is crucial to the 

understanding of the ambient aerosol budget. 

 

Experimentally determining psat of LVOCs is challenging (Bilde et al. 2015). Although numerous techniques 

have been used for volatility measurements, very few are conducted at a temperature setting relevant to 

atmospheric aerosol formation. Here we experimentally determined the psat values of the selected LVOCs 

at 295 K by following the particle evaporation in a residence time chamber (RTC). Additionally, we applied 

quantum-chemistry-based COSMOtherm calculations to estimate the psat values of the studied compounds. 

By coupling isothermal evaporation measurement and state-of-the-art computational simulation, we provide 

a comprehensive analysis of the volatilities of the selected LVOCs (Li et al. 2023), which is still rare in 

aerosol research. 

 

METHODS 
 

We selected 11 LVOCs for psat measurement (Table 1). Particle samples were generated by nebulising stock 

solutions with an atomizer. Either a silica gel diffusion dryer or a large dilution flow of dry purified air was 

used to remove the used solvent (water or acetonitrile). Monodisperse particles with 80 nm electrical 

mobility diameter were selected by nanometre aerosol mobility analysers (NanoDMA, model 3085, TSI). 

After the size selection, the resultant aerosol particles were fed into either bypass lines of varying lengths or 

a stainless steel RTC (25 L or 100 L in volume) for prolonged isothermal evaporation. Vapour wall losses 

in the bypass line and RTCs were fast enough to ensure negligible amounts of vapours in the gas phase. The 

measurement setup was maintained under dry conditions (< 5% RH) at 295 K. 

 

Polyethylene Glycol 

(PEG) 
Carboxylic Acid Alcohol Ester 

PEG 6 

PEG 7 

PEG 8 

PEG 9 

palmitic acid 

stearic acid 

azelaic acid 

sebacic acid 

meso-erythritol 

xylitol 

di-ethylhexyl sebacate 

(DEHS) 

Table 1. List of the LVOCs measured in this study. 

 

For each compound, we determined the optimized psat value from the time series of particle size change 

(Salo et al. 2010), with the use of the Approximate Bayesian Computation with Sequential Monte Carlo 

(ABC-SMC) algorithm (Sisson et al. 2007). Additionally, we used COSMOtherm 2021 program (BIOVIA 

COSMOtherm 2021) to compute the psat values for the studied compounds. 
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CONCLUSIONS 
 

Our “RTC” method can characterize LVOCs with psat values between 10-8 and 10-4 Pa at an atmospherically 

relevant temperature of 295 K. The experimentally determined psat values are in the range of literature data, 

mostly within one order of magnitude. In addition, COSMOtherm is able to predict psat values for the studied 

compounds within an order of magnitude, except for PEGs. The large difference between the measured and 

computed psat values for PEGs highlights the importance of conformer selection in COSMOtherm 

calculations for new types of compounds that have not been implemented in the model parametrization. 

Applications of our “RTC” method can be further used to perform isothermal evaporation experiments at 

different temperatures and/or RH settings. This will help probe two other important thermodynamic 

properties – enthalpy of vaporization and organic activity coefficient. 

 

 
Figure 1. Comparison of psat values between the measurement in this study (x-axis) and different 

COSMOtherm estimations (y-axis) at 295 K. The two different markers represent the comparisons of the 

computed psat values of liquid (filled circle) and crystalline solid (filled bars) phase states, respectively. The 

dashed red line is the 1:1 line, with grey shaded areas showing a deviation of one log unit. 
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INTRODUCTION 

Biomass burning is a major emission source of the atmospheric OA (Lin et al., 2018), partly 
due to its higher emission factor than conventional pollution sources e.g., traffic and industrial 
activities. The residential burning of wood and peat, an accumulation of partially decayed 
vegetation, is recently found to cause extreme air pollution events that rivalled the pollution 
levels in some of the most polluted cities e.g., Beijing, China (Lin et al., 2018). Along with OA, 
BC can also be emitted at a lesser extent as a result of incomplete combustion of biomass with 
its relative emissions depending on the types of biomass and combustion conditions, and typical 
BC to OA ratio is <0.1 (Bond et al., 2004).  
 

METHODS 
The aerosol samples generated from the combustion of test fuels were collected using a 
sampling line connected to the chimney flue. The sampling line was made of ordinary ½ inch 
copper pipe which extended approximately 5 cm inside the chimney flue, parallel to air flow. 
PM2.5 cyclone was deployed to remove coarse particles and a water trap was fitted downstream 
of the sampling line. This was followed by a Dekati diluter (Dekati Ltd.) that allowed a dilution 
rate in the range of 70-250:1. An ACSM (Aerodyne Research Inc.) and an Aethalometer (AE-
33; Magee Scientific) were used to measure the chemical composition of submicron aerosol 
samples. A Nafion dryer was used to dry the aerosol particles before they entered the ACSM 
and AE-33. The time resolution of ACSM was set to 2 min while it was 1 min for AE-33. 
 

CONCLUSIONS 
Smokeless coal and biomass briquette burning particles were smaller in size but had a much 
higher number emission factor than wood, peat, and smoky coal (Fig. 1a). Specifically, the 
emission factor from burning smokeless coal and biomass briquettes was 3.1 x 109 and 2 x 109 
particles kg-1, respectively, 2-3 times higher than that from wood (0.9 x 109 particles kg-1), peat 
(1.0 x 109 particles kg-1), and smoky coal (1.2 x 109 particles kg-1). In contrast, in terms of 
particle mass emission, the emission factor for smokeless coal and biomass briquettes was 
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smaller than wood, peat, and smoky coal (Fig. 1b). This is because small particles (PM0.1 <100 
nm) contributed less to the particle mass, although they were high in numbers. The emission 
factor was 0.4 g kg-1 for smokeless coal and 0.3 g kg-1 for biomass briquettes, 50% - 77% lower 
than that for wood (1.3 g kg-1), smoky coal (1.1 g kg-1), and peat (0.8 g kg-1). Therefore, 
consistent with what was expected, replacing smoky fuels with smokeless fuels was supposed 
to reduce particle mass emission and, therefore, increase the chances of meeting the air quality 
guidelines. However, this is because particles were made to be smaller not necessarily less in 
numbers. Unexpectedly, particle numbers were made even more numerous as shown in Fig. 1a. 
Switching to Eco design stoves reduced particle emission by 35-50%, which, however, were 
still higher than burning smoky fuels. What’s more striking is that firelighter had the highest 
emission factor both in terms of particle mass (6.5 g kg-1) and particle number (3.7 x 109 
particles kg-1). 
 

 

Figure 1. Submicron particle number and particle mass emission factor for smokeless and 
smoky solid fuels. 
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INTRODUCTION 

The Fenwei Plain (about 760 km in length and 40–100 km in width) is the largest plain in the middle 
reaches of the Yellow River. It is home to over 50 million people in central China, surrounded by the 
Chinese Loess Plateau to the northwest and Qinling Mountains to the south. The rapid growth and 
urbanization of Fenwei Plain are accompanied by air pollution that is characterized by high concentrations 
of fine particulate matter (PM2.5) in the heating season and high concentrations of ground-level ozone in 
the warm season (Cao and Cui, 2021; Li et al., 2021). Recently, air pollution in Fenwei Plain has been 
found to be more severe than in the Beijing-Tianjin-Heibei (BTH) region, Yangtze River Delta (YRD) 
region, and Pearl River Delta (PRD) region, making Fenwei Plain one of the most polluted regions in 
China (Li et al., 2022). In addition to being the emission hotspot of air pollutants, the unique topography 
of the Fenwei Plain is favorable for accumulating the air pollutants inside the basin, rapidly building up 
high levels of air pollutants e.g., under typical cold-haze conditions in calm weather with a wind speed of 
less than 2 m s-1. In 2018, the Fenwei Plain was designated as one of the three key regions for the “Blue 
Sky Protection Campaign” (the other two are the BTH and YRD regions). To evaluate the effectiveness of 
the clean air policies and to further develop cost-effective mitigation policies in the Fenwei Plain, a better 
understanding of the trend in pollution patterns, sources, and formation mechanism of key pollutants i.e., 
PM2.5 and ozone, is required.  
 

METHODS 
Hourly O3, PM2.5, NO2, SO2, and CO were continuously monitored at 13 sites within the city center of 
Xi’an from 2015 to 2021 (Fig. 1). Measurements of these pollutants were routinely managed by the China 
National Environmental Monitoring Centre. The distance between the sampling sites is up to 40 km. 
Despite the distance, the time series of PM2.5 and O3 monitored at different sites were well correlated with 
similar magnitude in concentrations. The consistency of the measurements between different sampling 
sites confirmed the data quality. The data from 13 sites were averaged to get the city-wide mean 
concentration of each pollutant and were used to perform the trend analysis.  
VOC and OVOCs were measured using a Vocus-PTR which was equipped with a Long Time-of-Flight 
(LToF) mass analyzer. The chemical composition of non-refractory particulate matter (NR-PM2.5) was 
measured using an AMS or an aerosol chemical speciation monitor (ACSM) at the old campus of the 
Institute of Earth Environment, Chinese Academy of Sciences in the winter of 2013 and 2014, and more 
recently in 2019, 2020, and 2021. OA factors were apportioned using the Positive Matrix Factorization 
(PMF) with the Multilinear Engine (ME-2)  
Master Chemical Mechanism (MCM) v3.3.1 was incorporated in a chemical box model using the 
framework for 0-D Atmospheric Modeling (F0AM).  Surface observational data were averaged for the 
overlapping period with OVOC measurements to get the diurnal profiles of each pollutant. The averaged 
air pollutants, including NO2, O3, CO, and the measured VOC/OVOCs, except for HCHO (which is the 
simulated target) were used to constrain the model at hourly resolution (Fig. 2).  
 

CONCLUSIONS 
Through the analysis of 7 years (2015-2021) of surface monitoring of the air pollutants in Xi’an, the 
largest city in the Fenwei Plain, we show that roughly 2/3 of the days exceeded either the PM2.5 or the O3 
level-1 air quality standard, highlighting the severity of air pollution. Moreover, an increase in O3 pollution 
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in the winter haze was also revealed, due to the constantly elevated reactive oxygenated volatile organic 
compounds (OVOCs), and in particular formaldehyde with ozone formation potential of over 50 μg m-3 in 
combination with the reduced NO2. The abrupt decrease of NO2, as observed during the lockdown in 
2020, provided real-world evidence of the control measures, targeting only NOx (70% decrease on 
average), were insufficient to reduce ozone pollution because reactive OVOCs remained constantly high 
in a VOC-limited regime. Model simulation results showed that with NO2 reduction from 20-70%, the 
self-reaction rate between peroxy radicals, a pathway for SOA formation, was intensified by up to 75%, 
while the self-reaction rate was only reduced with a further reduction of VOCs of >50%. Therefore, a 
synergic reduction in PM2.5 and O3 pollution can only be achieved through a more aggressive reduction of 
their precursor gases. This study elucidates the status of ozone and PM2.5 pollution in one of the most 
polluted regions in China, revealing a general trend of increasing secondary pollution i.e., ozone and SOA 
in winter haze. Controlling precursor gas emissions is anticipated to curb both ozone and SOA formation 
which will benefit not just the Fenwei Plain but also other regions in China. 

 
Figure 1. Observed exceedance frequency (in days month-1) of Ozone or PM2.5 standard in the biggest city 
(i.e., Xi’an) in Fenwei Plain, averaged over 2015-2018 and 2019-2021. Ozone and PM2.5 were averaged 
from 13 monitoring sites in Xi’an.  

 
Figure 2. Changes in self-reaction rate between peroxy radicals with 20-70% reduction in NO2 and a 
further 20-70% in VOC reduction. Covid-19 lockdown in 2020 correponded to a reduction of NO2 of 
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70%. The reaction rate in different reduction scenarios was normalized to the value in the base run (guided 
by the red dash line).  
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INTRODUCTION 

 

As an important property of aerosol particles, aerosol acidity can influence the secondary transformation 

of air pollutants, aerosol-cloud interactions, and toxicity of particles. It has been found that an increase in 

temperature enhances aerosol acidity by promoting the ionization of acids (Fountoukis and Nenes 2007, 

Pye et al. 2020). On the other hand, a high RH or aerosol water content (AWC) decreases aerosol acidity 

because of the dilution effect (Kakavas et al. 2021, Duan et al. 2019). In this work, an increase in aerosol 

acidity is observed as a function of RH or AWC in winter in the North China Plain. It is opposite to the 

expected one in summer. The possible mechanism related to aqueous reaction is discussed. 

 

METHODS 

 

 

Observations were carried out at Aerosol and Haze Laboratory, Beijing University of Chemical 

Technology (AHL/BUCT Station, Lat. 39º56ʹ31ʺ and Lon. 116º17ʹ52ʺ) from August 2019 to November 

2020 and Hebei Atmospheric Supersite (HAS/SJZ, Lat. 38.0281º and Lon. 114.6070º) from March 2018 

to November 2020 (Liu et al. 2020). The concentrations of water-soluble ions (Cl-, NO3
-, SO4

2-, Na+, 

NH4
+, K+, Mg2+, and Ca2+) in PM2.5 and gas pollutants (HCl, HONO, HNO3, SO2, and NH3) were 

measured using analyzers for Monitoring AeRosols and Gases in ambient Air (MARGA, 2060R at the 

AHL/BUCT station and 2080 at the HAS/SJZ station, Metrohm Process Analytics) with 1 hour of time 

resolution. Trace gases including NOx, SO2, CO, and O3 and meteorological parameters including 

temperature (T), RH, pressure, wind speed and direction were also measured at the same time. The details 

can be found elsewhere (Liu et al. 2022). Aerosol pH and AWC were estimated using the ISORROPIA II 

model using the measured particle and gas composition, T, and RH as the input and assuming that the 

aerosol system is in equilibrium (Shi et al. 2019, Ding et al. 2019). The H+ in concentrated electrolyte 

solutions was calculated according to the literature method (Glueckauf 1955, Glueckauf 1957). 

 

RESULTS AND CONCLUSIONS 

 

The aerosol pH varies from 3.15 to 8.83 with a mean value of 5.200.86 in Shijiazhuang. It is comparable 

with that in Beijing. Seasonal variation of aerosol acidity is observed in both Shijiazhuang and Beijing. 

The variation of aerosol pH can be described by a combination of a sine function and a linear function of 

time. The seasonal wave of aerosol pH is mainly driven by temperature variation, while the linear decline 

of aerosol pH is related to the emission reduction of dust (Liu et al. 2022). The aerosol pH increases with 

increasing RH or AWC in summer in both cities, while it exponentially decreases as a function of RH or 

AWC in winter (Figure 1). The aerosol acidity positively correlated with the ratio of SO4
2-/NO3

- regardless 

of the season. The ratio of SO4
2-/NO3

- increases with increasing RH or AWC in winter, while it decreases 

in summer. This well explains the observed opposite response of aerosol pH to RH or AWC in different 
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seasons. The calculated production rates of sulfate and nitrate via aqueous reactions further explain the 

different dependency of the SO4
2-/NO3

- on RH or AWC, i.e., the sulfate formation rate via aqueous 

reactions of SO2 is more sensitive to RH or AWC in winter when compared with the nitrate formation via 

N2O5 hydrolysis and vice versa in summer. Our results imply the complex interactions between 

physiochemical properties and secondary aerosol formation. 

   

 
 

Figure 1. Dependence of aerosol pH on (A) RH and (B) AWC in Shijiazhuang and (C) and (D) in Beijing. 
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INTRODUCTION 

 

In the past 10 years, the contribution of organic aerosol (OA), dominated by secondary OA (SOA), 

became more and more vital to PM2.5 in the NCP.(Duan et al., 2020; Huang et al., 2019; Sun et al., 2020) 

Most SOA is produced by the oxidation of anthropogenic or biogenic volatile organic compounds (VOCs) 

in the atmosphere. Primary OA (POA) in the atmosphere could be oxidized to SOA in the heterogeneous 

interface of liquefied particles or fog/cloud droplets.(Ervens et al., 2011; Mcneill, 2015) Recently, extensive 

studies have already reported that the uptake of oxygenated VOCs (OVOCs) by liquefied aerosols and 

fog/clouds, subsequently, transformation to low volatile products, could also contribute to the SOA 

formation.(Sun et al., 2010; Ge et al., 2012; Kim et al., 2019; Chen et al., 2022; Wei Yuan, 2021) However, 

the mechanisms of SOA formation are poorly understood, which in turn hindered us from evaluating and 

simulating the responses of SOA mass loading to changes in VOC emissions and other factors. 

The aqueous processes include reactions of condensed semi-volatile organic compounds (SVOCs) in 

aerosol liquid water to form organic acid, oligomers, organonitrogens, and organosulfates via various paths 

(e.g., photochemical reactions, acid-catalyzed condensation, and esterification with inorganic species, 

etc.).(Lim et al., 2010; Tolocka et al., 2004; Perri et al., 2010) It should be noted that those previously 

observational studies proposed the possible mechanisms mentioned above mainly based on mass spectrum 

analysis of OA and the correlation between OA factors from positive matrix factor (PMF) analysis and 

aerosol water content (AWC) or relative humidity (RH). It has been well recognized that the partition of 

gas-phase oxidation intermediates of VOCs onto the preexisting aerosol particles is important for SOA 

formation according to the gas-to-particle partitioning theory.(Odum et al., 1996) However, little is known 

about how the partitioning of gaseous oxidation products or SVOCs involves in the aqueous processes due 

to the lack of simultaneous observations of the gas- and particle-phase markers in the atmosphere.  

Here continuous measurements of gas- and particle-phases composition of organics were conducted by 

an iodine-adduct time-of-flight chemical ionization mass spectrometer (I--TOF-CIMS) coupled with a filter 

inlet for gases and aerosols (FIGAERO) in Beijing.(Zheng et al., 2021) The gas-to-particle partitioning and 

equilibrium were explored. It has been found that the gas-to-particle partitioning of some oxygenated 

organic molecules tends to be weakened when particles transit from a solid or semi-solid to a liquid phase. 

The implication of this process on SOA formation has also been discussed. This work will help understand 

SOA formation via an aqueous process, especially the role of gas-to-particle partitioning and its equilibrium 

in SOA formation under conditions of higher AWC or RH during haze events.  
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METHODS 

 

Continuous field observations were conducted at AHL/BUCT Site with a latitude of 39º56ʹ31ʺ and 

longitude of 116º17ʹ52ʺ from March 1 to 25, 2021. The detailed descriptions of this site have been discussed 

elsewhere.(Liu et al., 2020a) Briefly, the station, as a typical urban site surrounded by traffic and residential 

emissions, is on the rooftop of the main teaching building. 

A I--TOF-CIMS (TOF-CIMS, Aerodyne Research, Inc., USA) coupled with a FIGAERO inlet was 

used to measure both gas- and particle-phase organics. Iodide reagent ion provides a soft ionization 

technique with little fragmentation and high selectivity to multi-functional organic compounds. Thus, it is 

suitable for measuring thousands of complicated oxygenated compounds in the ambient.(Cai et al., 2022b) 

A Time-of-Flight Aerosol Chemical Speciation Monitor (ToF-ACSM, Aerodyne) was used to measure the 

bulk composition of non-refractory PM2.5 (NR-PM2.5), including chloride, nitrate, sulfate, ammonium, and 

organics. A Monitoring AeRrosol and Gases in ambient Air (MARGA, 2006R) was used to detect water-

soluble ions (Cl-, NO3
-, SO4

2-, Na+, K+, Mg2+, and Ca2+) in PM2.5 and gas pollutants (e.g. NH3) with a time 

resolution of 1 hour. Trace gases such as CO, SO2, O3, and NOx were measured with corresponding 

analyzers (Thermal Scientific, 42i, 43i, 48i, and 49i). Meteorological parameters including relative humidity 

(RH), pressure, temperature (T), wind speed, and direction were measured by a weather station (ASW310, 

Vaisala). The photolysis rate (JNO2) was measured via continuous measurement of the actinic flux in the 

wavelength range of 285-375 nm using a JNO2 filter radiometer (JNO2 radiometer, Metcon). The details of the 

instrument calibration can be found in our previous work.(Liu et al., 2020a; Liu et al., 2021) The aerosol 

water content (AWC) was estimated by combining an aerosol thermodynamic model (ISORROPIA II)(Liu 

et al., 2020b) and the measured particle composition by the MARGA along with T and RH, assuming that 

the aerosol system was in equilibrium. The dataset was selected when RH>30% to reduce the uncertainty 

of AWC calculations. 

PMF analysis was conducted on the organic mass spectra obtained from the TOF-ACSM by using the 

Igor PMF evaluation tool (PET, version 3.08).(Paatero and Tapper, 1994) (Ulbrich et al., 2009) The unit-

mass-resolution (UMR) data between m/z 12 and 150 were used as input. The PMF analysis identified five 

OA factors for NR-PM2.5 (Fig. 1a), including three factors related to primary OA (POA), that is, cooking-

related OA (COA), biomass burning OA (BBOA), and fossil fuel OA (FFOA) from coal combustion and 

traffic emissions, and two oxygenated OA (OOA) factors, that is, aqueous-phase related OOA (aq-OOA) 

and MO-OOA.). 

The glass transition temperature (Tg) of particles is calculated according to the Gordon-Taylor 

equation.(Koop et al., 2011) When T/Tg>1, SOA is solid, while T/Tg<1, SOA exists in semi-solid or liquid 

states. Here the threshold between the semi-solid and liquid states is T/Tg=0.85 (Fig 1b), slightly higher than 

the 0.8 (Koop et al., 2011).  

 

 
Fig 1. a) Mass spectra and time series of the five OA factors (MO-OOA, aq-OA, FFOA, BBOA, and COA) 

resolved from the PMF analysis; b) The particle-phase-state transition from semi-solid to liquid particles 

compared to AWC 
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RESULTS AND CONCLUSIONS 

 

The average mass concentration for NR-PM2.5 was 38.6±40.1 μg m-3, lower than the annual values from 

58.7 to 94.0 μg m-3 reported in Beijing from 2008 to 2016.(Duan et al., 2020). Unlike the previous studies, 

OA only contributed 26.0% to the mass concentration of NR-PM2.5 on average and the mass ratio of sulfate 

to nitrate (0.2) was much lower than that in 2017 (1.6)(Zheng et al., 2021) and in 2018 (2.1)(Cai et al., 2022a) 

in Beijing, which implies a decreased aerosol acidity and an increased hygroscopicity, thus indirectly 

affecting SOA formation.  

Aqueous-phase reactions can produce oligomers in the particle phase, such as oligomerization (C4-7H6-

10O5) from methylglyoxal (C3H4O2) at high AWC values in Fig. 2a. Besides oligomerization, other processes 

such as the uptake of gas-phase oxygen-containing compounds might also contribute to the organic matter 

at high AWC. Here, the small carboxylic acids in both the gas- and particle- phases were selected to explore 

the gas-to-particle partitioning process, due to their large contributions to aq-OOA (21%-56%,). As shown 

in Fig. 2b, the particle-phase concentration of CH2O2 almost remained at constant values as a function of its 

gas-phase concentration and AWC. However, signals of CH2O2 in the gas phase decreased monotonously 

with AWC (>15 μg m-3). Unlike CH2O2, the signal intensities of C2-6H2-10O4 in the particle phase increased 

as a function of their corresponding gas-phase concentrations. And the slopes are relatively higher when 

AWC is below 15 μg m-3 than the counterparts of AWC (>15 μg m-3). This means gas-to-particle partitioning 

should be weakened for these molecules when AWC is > 15 μg m-3, or it is hard to transform to other stable 

configurations or structures when compared with CH2O2. This should be related to the high nitrate-fraction 

in PM2.5 at high AWC levels, which is in favor of the uptake of water due to its lower deliquescence RH 

than sulfate and chloride,(Liu et al., 2021) subsequently, particles being easily converted to liquid phase, 

then promotes the equilibrium of gas-to-particle partitioning. When AWC is <15 μg m-3, these molecules 

tend to stay in the particle phase, thus, promoting OA accumulation. This is consistent with the previous 

conclusion that a higher OA fraction is usually observed under conditions at lower RH values than that at 

high RH values.(Zhao et al., 2019). 

Interestingly, as shown in Fig. 2b, a good correlation between the gas- and particle-phase organic 

(except for CH2O2) can be observed when the particle-gas partition coefficient (Kp, using the Estimation 

Programs Interface model) of organic molecules (CxHyOz) is larger than ~1.010-5 and AWC is over 15 μg 

m-3. This is generally consistent with the observed decrease of the slope (Fig. 2b) when AWC is over 15 µg 

m-3. In addition, the Kp values of toluene-derived products and nitrophenols (C6H5NO3 and C7H7NO3) were 

larger than 10-5, accompanied with a good positive correlation between their particle- and gas-phase 

concentrations, which indicating that Kp should be a good indicator for gas-to-particle partitioning for 

OVOCs, and the threshold value of Kp (10-5) should be a necessary but not sufficient condition to understand 

the partition behavior of these compounds during the phase transition of ambient particles. 

 

 
Fig. 2 a) Relationship between several particulate oligomers from the aqueous reaction and methylglyoxal 

colored with AWC. b) Correlations of CH2O2 and C2-6H2-10O4 between gas-phase and particle-phase under 

the condition of different AWC. The filled triangle and circle represent the data with AWC less and larger 

than 15 μg m-3, respectively.  
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INTRODUCTION 

 

Polar environments are among the fastest changing regions on the planet. It is a crucial time to make 

significant improvements in our understanding of how ocean and ice biogeochemical processes are linked 

with the atmosphere. This is especially true over Antarctica and the Southern Ocean where observations 

are severely limited, and the environment is far from anthropogenic influences. Here we give an overview 

of the large-scale measurement campaigns planned across Antarctica and the Southern Ocean in the next 

five years that will investigate interactions between biogeochemistry, aerosol, clouds, precipitation, and 

radiation. Until we do this, climate models will likely continue to exhibit biases in the simulated energy 

balance over this delicate region. Addressing these issues will require an international and 

interdisciplinary approach which we hope to foster and facilitate with ongoing community activities and 

collaborations. 

 

MOTIVATION 

 

The Southern Ocean and Antarctica are distant from human sources of atmospheric pollutants, instead 

being dominated by natural aerosol and vapours (Hamilton et al., 2014). These natural aerosol and vapours 

are mostly formed through an intricate process of emission by biological organisms modulated by 

biogeochemical processes, as well as sea spray production. Aerosol particles seed clouds that can produce 

rain and snowfall, and reflect energy back to space or trap it in the lower atmosphere. 

 

Recent targeted field campaigns (e.g. Fossum et al., 2018; McFarquhar et al., 2021; Schmale et al., 2019; 

Sellegri et al., In Press) have measured aerosol, reactive gases, and cloud properties over the Southern 

Ocean. New datasets from these campaigns have been instrumental in tailoring our models of the Earth’s 

systems to represent the Southern Ocean more realistically. Findings from these campaigns have 

highlighted that biological organisms in Southern Ocean surface waters and Antarctic sea-ice have a 

potentially large influence on our atmosphere (Dall’Osto et al., 2022; Landwehr et al., 2021; Mace et al., 

2021; Rocco et al., 2021; Twohy et al., 2021). But these campaigns have also revealed major gaps in our 

understanding of complex processes influenced by these organisms. Despite the recent progress, our 

climate models still require improvements in their representation of aerosol and cloud processes operating 

in the Southern Ocean and Antarctica. Evidence of this is the persistent shortwave radiation bias that is 

still present in the latest generation of models prepared for the sixth Coupled-Model Intercomparison 

Project (Figure 1). New multidisciplinary observations are needed to build upon, evaluate, and challenge 

what we have already learned. Here, we outline more than 20 projects beginning in 2023 that will work 

towards collecting these new vital measurements. 

 

 
Figure 1. The mean austral summer time bias in the surface shortwave radiation in 22 of the Coupled 

Model Intercomparison Project phase 6 (CMIP6) models which fall into the ‘likely’ range of equilibrium 

climate sensitivity with respect to the CERES-EBAF satellite product (W m-2). 
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UPCOMING FIELD WORK 

 

Over the coming 4 years, we are aware of 22 fully funded or proposed campaigns (Figure 2) exploring the 

links between marine and terrestrial biogeochemistry and the atmosphere. This will include both in-situ 

and remote sensing observations on a range of platforms including land stations, ships, and aircraft. The 

campaigns will be complimented by remotely operated platforms such as gliders, floats, and moorings. 

We expect variability in biogeochemistry and atmospheric properties and their interactions in the different 

sectors around Antarctica. 

 

 
Figure 2. Upcoming measurement programs in the region targeting biogeochemistry-atmosphere 

measurements. Please note that this list might not be exhaustive and there could be changes to dates and 

positions prior to measurements. 

 

While planning is well underway for the upcoming campaigns we have listed here, there is still scope to 

enhance interdisciplinarity and coordination to ensure we make the most of this unprecedented 

opportunity to understand the Southern Ocean and Antarctic region. It is likely that other research projects 

are currently being planned and so we encourage collaboration as much as possible. Furthermore, there is 

scope to augment the measurement campaigns already planned to maximise the scientific knowledge we 

can gain. We invite researchers and institutions in this space to join PICCAASO (Partnerships for 

Investigations of Clouds and the biogeoChemistry of the Atmosphere in Antarctica and the Southern 

Ocean), a recently launched initiative to improve coordination and collaboration of upcoming campaigns. 

The goal of PICCAASO is to augment and amplify the scientific discoveries from each independent 

project. 
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INTRODUCTION 
 
Although mineral dust makes up the majority of atmospheric aerosols by mass, our understanding of 
chemical reactions in the atmosphere involving the particle surface is limited. For example, polycyclic 
aromatic hydrocarbons (PAHs) and their derivatives, which are known to be harmful to human health even 
in trace amounts, have been detected in dust aerosols (Kameda et al., 2016). However, there is a lack of 
knowledge on the detailed reaction mechanisms and resulting particle mixing states. Micro Raman 
spectroscopy is considered applicable for identifying the mixture of dust and PAHs on single particle basis 
due to its microscopic spatial resolution and selectivity to both inorganic and organic compounds. However, 
interference from typical fluorescence background often found in the Raman spectra of clay minerals 
hampers its use on dust aerosols (Sobanska et al., 2012). Electrospray surface-enhanced Raman 
spectroscopy (ES-SERS) involves pre-treatment of sample surface with silver nano-particle coating, thereby, 
dramatically enhances Raman signals and enables highly sensitive detection of organic compounds on the 
particle surface. It is also suggested to potentially eliminate fluorescence background without major 
modification on the conventional micro-Raman spectroscopy setup (Gen and Chan, 2017; Gen et al., 2019). 
In this study, laboratory experiments were conducted to test the applicability of ES-SERS as a new 
fluorescence suppression technique for typical clay mineral particles. In addition, the selectivity of ES-SERS 
on the organic compounds adhered on clay mineral particles was demonstrated. 
 

METHODS 
 
In this study, saponite, montmorillonite and kaolinite were selected as representative pure-component clay 
minerals. Samples were aerosolized and collected on a silicon substrate by impaction. The individual 
particles were subjected to normal Raman (NR) spectroscopy (nanofinder HE, Tokyo Instruments, Japan) 
with a λ=532 nm laser at 13 mW. The exposure time was set to 1 s with 3 integrations. The same particles 
analyzed by NR were identified and analyzed again after silver nanoparticles (AgNPs) deposition on the 
sample surface by electrospray (ES-SERS). Mixture of Arizona test dust (ATD) and naphthalene was 
prepared by dropping and drying solution on the silicon substrate. Analyses by NR and ES-SERS were 
performed with the same procedure as for the pure clay samples. 
 

RESULTS AND DISCUSSION 
 

A total of 175 particles of saponite, montmorillonite and kaolinite were analyzed first by NR. However, 
regardless of the clay mineral type or particle size, all measured particles showed significant fluorescent 
background, and no peaks specific to the minerals could be detected. On the other hand, ES-SERS spectra 
showed almost complete elimination of fluorescence background depending on the density of AgNPs 
deposited on the surface. Figure 1 shows the comparison of NR and ES-SERS spectra of a representative 
montmorillonite particle. A broad background peak can be found in the NR spectrum which hampers the 
detection of sample specific peaks. ES-SERS spectra on the other hand, shows significant reduction in the 
background signal and sharp peaks specific to montmorillonite can be found. The prominent and 
reproducible peaks were found at 148~164 cm-1, 294~304 cm-1, 692~698 cm-1 and 1059~1064 cm-1, which 
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can be assigned to σ(Al-O), σ(O-H-O), ν(Si-O-Si) and ν(Al, Mg)O4(OH)2, respectively. These peaks 
assignments are consistent with those found in the literature. As in the case of pure-component clay minerals, 
mixture of ATD and naphthalene also showed significant fluorescence background by NR. After deposition 
of AgNPs, the background was eliminated in the similar manner and peaks specific to naphthalene were 
detected.  
By using ES-SERS, we successfully demonstrated the complete elimination of the fluorescence background 
from the four representative clay minerals even under significantly reduced laser exposure. Unique peaks 
from the clay and PAH mixture were also identified. Although some peak shifts were observed in the case 
of ES-SERS (as compared to reference NR spectra), it was found that it is intrinsic to molecular vibrations. 
In conclusion, ES-SERS can not only eliminate fluorescence instantaneously from clay minerals, but also 
sensitively detect organic compounds adsorbed on the particle surface. Expectations are high for ES-SERS 
for understanding the dynamics of dust aerosols and organics (e.g. PAHs) in the ambient atmosphere. 
 
 

            
 

Figure 1. Optical microscope image of a montmorillonite particle (left panel), and corresponding Raman 
spectra (right panel). The same particle was analyzed first by normal Raman (NR) and by ES-SERS post 

AgNPs deposition. Background denotes spectrum taken from the silicon substrate.  
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INTRODUCTION 
 

Newly borne secondary particles in the atmosphere are often observed as nanoparticles with diameters of 
100 nm or less, but their inherently small mass makes size resolved chemical speciation difficult. We 
previously proposed the Condensational Growth-Surface Enhanced Raman Spectroscopy (CG-SERS) as a 
simple method to collect and chemically speciate nanoparticles on individual basis (Kunihisa et al., 2020). 
The technique involves activation of nanoparticles into water droplets by condensational growth, followed 
by direct collection onto SERS substrate. However, due to the extreme sensitivity and reactivity of silver 
coating on the SERS substrate, oxidation of the surface rapidly reduces the analytical sensitivity, and trace 
contaminants cause interfering peaks in the background Raman spectra, together compromises the 
quantitative evaluation of CG-SERS spectra. Here, we present our efforts to improve the analytical 
sensitivity of the CG-SERS method by applying Argon plasma on the SERS substrate to clean and reactivate 
its surface. 
 

METHODS 
 
Ammonium sulfate, glucose solutions and their mixture in various mixing ratios were atomized and dried 
before being introduce into a nano DMA (Model 3085, TSI, USA). Mono-dispersed particles at 100 nm 
were then guided into Spot Sampler (Aerosol Device Inc., USA) and activated into super-micron droplets, 
thereby directly collected onto SERS substrate (Ag SERStrate, Silmeco, Denmark) by impaction. Each 
droplet leaves a characteristic trace on the SERS substrate, which can be located and analyzed by micro-
Raman spectroscopy (Nanofinder HE, Tokyo Instruments, Japan). Raman spectra were obtained using 532 
nm excitation laser at 0.08-0.018 mW. Exposure time was set as 1 s and 10 accumulations. Ar plasma cleaner 
(SC-701, Sanyu Electron, Japan) was used to process the substrate with different plasma intensities. The 
output current and exposure time were varied between 2-7 mA and 30 s to 3 min, respectively. 
 

RESULTS AND DISCUSSION 
 
Firstly, the sensitivity decay of the aged SERS substrate was evaluated. The SERS sensitivity, shown in 
terms of the peak intensity at 40 cm-1 (Wei et al., 2019), is shown in Figure 1. Even though the substrates are 
stored and sealed in inert gas, the signal drops by 73% in a matter of 6 months after delivery. In addition to 
the sensitivity reduction, traces of droplets, which are essential for the identification of individual particles, 
are no longer visible in the case of aged substrates. These optical and sensitivity losses become critical for 
the CG-SERS method. Then, we applied Ar plasma on the decayed SERS substrate to remove the oxidized 
film and contaminants on the surface. After testing several exposure settings, it was found that treating with 
a mild exposure at 3 mA for 0.5 min, is capable of significantly recovering the sensitivity of the 6 month 
old substrate (up to about 50% of the entirely fresh substrate). In addition, the droplet traces of individual 
particles became visible again. It was also possible to reduce the background ν(SO4

2-) peak found at 970 cm-

1 after plasma cleaning. This is notable, since sulfate is considered to be one of the major components 
involved in the new particle formation. By comparing the normalized peak intensities of ν(SO4

2-) and C-H 
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stretching region (2900 cm-1) obtained by measuring mixed ammonium sulfate and glucose particles with 
different degree of mixing ratios, corresponding change in the peak intensities were found from the new and 
argon plasma cleaned SERS substrates (Figure 2), suggesting the possibility of semi-quantitative evaluation. 
These results justify the application of plasma treatment for making the CG-SERS method more robust and 
applicable in more demanding field studies. In the future, this method is expected to contribute to the better 
understanding of the chemical dynamics of nanoparticles e.g. during new particle formation events. 
 

            
 

Figure 1. Comparison of optical images (upper panel) and sensitivity (lower panel) of new and aged SERS 
substrates. The results are shown in the order from left to right, 0, 6 and 9 months after delivery. 

 

 
Figure 2. Comparison of the SERS peak intensities for sulfate (970 cm-1) and organics (2900 cm-1) 

obtained from 6 month old substrate treated with Ar plasma. Results based on ammonium sulfate and 
glucose particles with various mixing ratios. NaCl particles were also measured as background.  
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INTRODUCTION 

 

Marine cloud brightening (MCB) aims to increase the albedo of low lying marine clouds by the 

introduction of additional sea salt aerosol particles (SSA) increasing the population of cloud condensation 

nuclei which activate to form cloud droplets. The outcomes of this intervention inherently depend on the 

size and hygroscopicity of the introduced aerosol particles among other factors such as updraft velocity 

and cloud supersaturation levels.  SSA that are too small or too large are both speculated to reduce the 

magnitude of the desired net albedo increase, or even have the opposite effect of reducing albedo. The 

ideal SSA size distribution is subject to debate however literature suggests dry diameters in the range of 

60-1000 nm may be effective. Current technologies produce a distribution of SSA particles sizes, rather 

than the monomodal size originally proposed for MCB. 

 

METHODS 

 

We have studied numerous nozzle technologies to continuously efficiently and effectively produce 

sufficient quantities of sea salt aerosols from sea water. Size distributions and production rates of these 

various nozzle technologies from laboratory data tests will be presented. Currently our best candidate 

technology type are effervescent nozzles where high pressure (ca.100 bar) air and seawater are mixed 

prior to being sprayed through a small (100-400 μm) orifice. 

Laboratory experiments were performed in a wind tunnel where sampling took place 10 metres downwind 

of the nozzle. We use standard aerosol sampling apparatus with an array of detection and sizing 

instruments to record the dry particle size distributions. Total particle counts are measured from 

condensation particle counters (CPC). Particle size distributions are measured using aerodynamic particle 

sizers (APS) for larger particles and scanning mobility particle sizers (SMPS) for smaller particles.  

 

 

CONCLUSIONS 

 

Size distribution data from these nozzles used during previous field work have shown inconsistences 

between campaigns and when compared to laboratory studies. Laboratory data suggests these 

inconsistences are not from differences in the manufacturer of the mixing tee pieces (figure 1), nor the 

orientation of the nozzles with respect to the wind direction (figure 2). 

 

These data will be compared to data measured during a recent field campaign (Feb – April 2023) on the 

southern Great Barrier Reef. Data from this campaign was measured from an aircraft, drones and on the 

surface from a research ship following another vessel containing the spraying apparatus. The implications 

for the effectivity of MCB due to changes in size distribution with distance and altitude from the spraying 

source will be discussed. 
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Size distributions of sea salt aerosols for marine cloud brightening over the Great 
Barrier Reef 

 
Figure 1. Normalised Size distribution and cumulative volume fraction for the MFG2010 nozzle using the 

ViciValco and the RADS tee pieces. 

 

 
Figure 2: Normalised Size distribution and cumulative volume fraction for the MFG2010 nozzle with 

varying orientation with respect to the wind direction. 
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INTRODUCTION 
 

The Southern Ocean (SO) is a region of the world where most climate models have a persistent positive 
bias in the amount of sunlight reaching the Earth’s surface. This bias is caused, in part, because models 
consistently underpredict aerosol and cloud cover in this region, which, in turn, stems from insufficient 

understanding of aerosol-cloud interactions and aerosol production mechanisms in this pristine 
environment (Carslaw et al., 2013). This can be attributed to the scarcity of relevant, comprehensive in 

situ atmospheric observations in the SO region. Aerosol-cloud interactions represent the largest source of 
uncertainty in estimating the trajectory of human-induced global warming and future climate. The biggest 
gains in reducing this uncertainty have been found to come from a better understanding of pre-industrial 
aerosols, which can provide a more constrained baseline for estimating human-induced warming [2]. The 
Southern Ocean aerosols are our best proxy for those of pre-industrial time. This has motivated a number 

of recent and upcoming field campaigns in the Southern Ocean. Here we present findings from the 
summertime CAPRICORN-2 SO voyage (2018) with a focus on low volatility vapours relevant for marine 

new particle formation (sulfuric acid, methanesulfonic acid (MSA) and iodic acid) and aerosol size 
distribution. 

 
METHODS 

 
CAPRICORN-2 (Clouds, Aerosols, Precipitation, Radiation, and atmospheric Composition Over the 

southeRn oceaN) campaign aboard the RV Investigator during January–February of 2018 took place in the 
western Pacific sector of the Southern Ocean. Periods influenced by ship exhaust have been identified 

according to Humphries et al, 2019 (Humphries et al., 2019) and removed from the dataset. It was found 
that less than 15% of the data was contaminated by the ship’s exhaust. 

Sulfuric acid, MSA and iodic acid were measured using a nitrate Chemical Ionisation Mass Spectrometer 
(NO3-CIMS). The aerosol size distribution) was measured using two Scanning Mobility Particle Sizers 

(SMPS; Grimm and TSI)) covering together a size range from 4 nm to 660 nm. 
Standard meteorological variables, such as air temperature, pressure, relative humidity, wind speed and 

direction were measured as a part of the ongoing underway systems and whose data are known as 
“underway data”. 

 
RESULTS 

 
The main feature of the 2018 CAPRICORN-2 SO voyage was a week-long period of unusually high 
gaseous MSA levels after crossing the Polar Front heading south (Fig 1). This was correlated with 

increased levels of gaseous H2SO4 and HIO3, however, their counts were substantially lower than for 
MSA. Previously published data on CAPRICORN-2 voyage shows that during that same period 

particulate SO4
2- and MSA, as well as Cloud Condensation Nuclei (CCN) number concentration were 
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increased (Humphries et al., 2021; McFarquhar et al., 2021). However, SMPS data indicate that there were 
no nucleation events during the “high MSA” and the whole sampling period. HYSPLIT backtrajectories 
analysis shows that “high MSA” airmasses come from Antarctica and higher altitudes (~1500-3000 m) 

suggesting new particle formation had occurred in the free troposphere. Previously published satellite data 
for that time period and region shows an increased cloud droplet number (Mace et al., 2021), 

demonstrating a direct link between marine biogenic emissions and cloud properties. This study 
demonstrates that aerosol precursors availability is not the same at low and high latitudes of the Southern 

Ocean. It also brings into focus the importance of MSA for high latitude CCN concentrations and raises an 
important question: how frequent and important are these “high MSA” events in high latitude regions?   

 
Figure 1. (a) Time series of MSA during CAPRICORN-2 SO voyage colour-coded by latitude and (b) voyage track 
of CAPRICORN-2 colour-coded by the MSA counts. Note high MSA counts south of the polar front. 
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INTRODUCTION 
 

An increasing majority of the world’s population resides in urban areas where they are exposed to a wide 
range of different atmospheric aerosol sources. It is challenging to quantify the various different health 
effects resulting from these exposures. One promising toxicity metric amongst many is aerosol oxidative 
potential measured with the dithiotreitol (DTT) chemical assay, or OPDTT (Bates et al., 2019). OPDTT aims 
to quantify the ability of aerosol to generate reactive oxygen species (ROS) in vivo, a process which 
contributes to oxidative stress and ultimately a range of adverse health effects.  
 
Traditionally, OPDTT measurements have been performed offline, i.e., on samples extracted from filters 
collected previously in the field. This process is labor intensive and the resulting datasets are usually 
limited to relatively small sample sizes that cover, e.g., seasonal time scales (e.g. Calas et al., 2018). The 
current state-of-the-art approach is to combine these measurements with chemical composition 
measurements, source apportionment, and regression modeling in order to identify the aerosol sources that 
contribute most strongly to the aerosol oxidative potential (Daellenbach et al., 2020). Recently, a number 
of new instruments have been developed for performing semi-continuous, online measurements of aerosol 
OP at hourly time resolution (e.g. Puthussery et al., 2018). These measurements are able to capture diurnal 
to weekly variations in aerosol OP, which could be an important advantage in OP source apportionment 
studies. However, only a very limited number of such studies have been performed so far (Puthussery et 
al., 2022).  
 
In the present study, online measurements of OPDTT and chemical composition in PM2.5 were made during 
a three month period in Beijing, China (Jan – March 2021). The primary goal of the study was to identify 
the major sources of aerosol oxidative potential during winter in the polluted megacity Beijing, 
specifically focusing on the contributions of primary aerosol versus aged organic aerosol, as well as the 
impacts of specific, short-term pollution events. Secondly, the study also aimed to explore some of the 
benefits and limits of using hourly-resolved OPDTT in a source apportionment and regression modeling 
analysis. 
    

METHODS 
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Measurements were performed at three locations in and around Beijing over a three month period in 2021: 
Peking University (PKU; 15 Jan. to 4 Feb.), the Institute of Atmospheric Physics Iron Tower Branch 
(IAP-1; 10 to 20 Feb.), and Xianghe Observatory (IAP-2: 26 Feb. to 20 Mar.). The third site Xianghe is 
located nearby Beijing, in an area which is subject to less pollution control measures than central Beijing 
where the other two sites are located. PM2.5 OPDTT was measured with an online system operating at 
hourly time resolution (Puthussery et al., 2018). Co-located PM2.5 chemical composition measurements 
were obtained with aerosol mass spectrometers (AMS) and/or aerosol chemical speciation monitors 
(ACSM), ambient trace metal analyzers (Xact 625), and aethalometers (AE33).  
 
To identify major aerosol sources we applied positive matrix factorization (PMF) separately for the 
different measurement sites and instrument datasets using SoFi Pro version 8.2. Four factor solutions were 
obtained from the ACSM/AMS organic aerosol (OA) measurements (hydrocarbon-like, HOA; cooking, 
COA; solid fuel combustion, SFC-OA; and oxygenated, OOA). The OOA factor likely contained strong 
contributions from secondary organic aerosol, however additional contributions from aged and highly-
oxidized primary organic aerosols cannot be ruled out. Six factor solutions were obtained from the Xact 
trace metals data: biomass burning, dust, industrial emissions, traffic non-exhaust, coal combustion, and 
fireworks. The aethalometer model was used to apportion the equivalent black carbon data into traffic 
exhaust and solid fuel combustion factors (Zotter et al., 2017).  
 
To quantitatively link the aerosol sources to the measured OPDTT we applied multilinear regression (MLR) 
using the Car package in the R programming language. Although it was possible to chemically distinguish 
a large number of factors corresponding to different aerosol sources, many of the factors exhibited high 
degrees of temporal collinearity with each other, a condition which is not suitable for a robust multilinear 
regression analysis. Therefore to obtain the MLR input, we further reduced the number of aerosol sources 
into four broad types using clustering methods and a priori knowledge. The four broad types were: 
primary aerosol (which contains contributions from the traffic exhaust, traffic non-exhaust, cooking, and 
solid fuel combustion factors), oxygenated organic aerosol (secondary or aged primary organic aerosol), 
dust (local or regional), and fireworks. Bootstrapping was also performed with 200 repeats to assess the 
robustness of the model estimation.          
 

RESULTS AND DISCUSSION 
 

 
Figure 1. Times series of hourly PM2.5 OPV

DTT (top panel) and of the mass concentrations of the major aerosol 
components in PM2.5 (bottom panel) from January 15 to March 20, 2021 at three locations in the Beijing area (PKU, 

IAP-1, and IAP-2; see main text for abbreviations). The grey shaded areas represent two distinct, short-term 
pollution events: the Spring Festival and a major regional dust storm.  
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Time series of OPV
DTT (i.e., OPDTT normalized by the sampled air volume, otherwise known as extrinsic 

OPDTT; units nmol min-1 m-3) and the mass concentrations of the major chemical components in PM2.5 are 
displayed in Fig. 1. Elevated total PM2.5 concentrations (i.e., > 100 µg m-3) occurred during haze events, 
the Spring Festival (~11 – 15 Feb.), and the largest regional dust storm in northern China in a decade (~15 
– 16 Mar.). In some cases, such as the Spring Festival period, OPV

DTT increased dramatically in tandem 
with the peak in PM2.5 mass. However in other periods, most notably during the regional dust storm, no 
proportionate increase in OPV

DTT was observed as PM2.5 mass spiked to hourly concentrations of almost 
500 µg m-3. This indicates that for the overall campaign period, PM2.5 mass alone was a poor predictor of 
OPV

DTT, and that chemically-resolved aerosol information is required to explain the observed variations in 
OPV

DTT. 
 
Figure 2 presents the results of the MLR analysis that aimed to introduce this chemically-resolved 
information and to quantify the contributions of four broad aerosol types to total OPV

DTT. Panel a) displays 
the absolute contributions of primary aerosol, OOA, fireworks, and dust to OPV

DTT for three different time 
periods: the Spring Festival and dust storm events (indicated by the grey shaded regions in Fig. 1), as well 
as all other periods. Panel b) compares total modeled and measured OPV

DTT for the same three periods.  
 

 
 

Figure 2. a) The absolute contributions of four broad aerosol types to OPV
DTT as determined by MLR for three 

different time periods (the Spring Festival, the regional dust storm, and all other periods). Note the log y-axis. Error 
bars represent uncertainties in the modelled MLR coefficients as determined by bootstrapping. b) The total MLR 

modelled OPV
DTT (including residuals) compared to total measured OPV

DTT for the same periods.    
 
Primary aerosols and OOAs both made substantial contributions to OPV

DTT during all three periods. 
However, the contributions from the aged OOAs were always greater than those from the fresh primary 
aerosols. This was particularly clear during the Spring Festival period where OOA contributed ~70% of 
the total modelled OPV

DTT.  
 
The fireworks factor was derived from source apportionment of the Xact data and contained contributions 
from metal species such as K, Cu, and Ba. Cu is known to be redox-active and able to catalyze the 
generation of ROS. However, Fig. 2a) indicates that the fireworks factor contributed very little to 
modelled OPV

DTT. We suggest that this physically inconsistent result was obtained because the fireworks 
event was too short for the MLR model to properly account for it. This is evidenced by the facts that the 
regression coefficients for this factor were dramatically more uncertain than those of the other factors (not 
shown here), and that overall, the MLR did a poorer job of reproducing measured OPV

DTT during the 
Spring Festival period compared to the other two periods (Fig. 2b).  
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The dust factor only contributed substantially to OPV
DTT during the large dust storm. The regression 

coefficient for this factor – which represents its intrinsic OP – was lower than for the primary and OOA 
factors (not shown here). However, during the dust storm this factor was present in very high 
concentrations, such that in absolute terms it still contributed substantially to OPV

DTT during this event. 
During all other periods the contribution of dust to total OPV

DTT was much smaller.   
 

CONCLUSIONS 
 

An online system for measuring PM2.5 OPDTT at hourly time resolution was successfully deployed over a 
three month period in wintertime Beijing along with comprehensive chemical composition measurements. 
A number of interesting pollution events were captured by the measurements (haze events, fireworks 
during the Spring Festival, a major dust storm). Total PM2.5 mass was generally not well correlated with 
measured OPV

DTT. To better explain the variations in OPV
DTT, an MLR model was developed that took the 

concentrations of four major aerosol types as input: primary aerosol, OOA, fireworks, and dust. The 
model indicated that OOAs were a stronger source of oxidative potential than the fresh primary aerosols, 
although both fractions contributed substantially to total OPV

DTT. The fireworks factor appeared to be 
associated with very little oxidative potential. However, this result is physically inconsistent and rather 
demonstrates the limitations of MLR modelling when dealing with short-term pollution events, even given 
the use of hourly OPV

DTT measurements made with an online system. Dust was present in very high 
concentrations during a major dust storm, which resulted in substantial extrinsic oxidative potential 
despite the fact that the intrinsic oxidative potential of this factor was low. During all other periods dust 
contributed little to the aerosol oxidative potential.  
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INTRODUCTION 

 

Enhancing the knowledge of microscale aerosol-cloud processes and improving their quantitative and 

aerosol-based formulations in cloud, weather and climate models is still among the major challenges in 

aerosol, cloud, and climate research. The AIDA (Aerosol Interaction and Dynamics in the Atmosphere) 

atmospheric simulation chamber (Möhler et al., 2003) at the Karlsruhe Institute of Technology (KIT) is in 

operation since more than 25 years for a wide range of trace gas, aerosol, cloud and climate research 

related experiment series. It is also used as an expansion-type cloud simulation chamber to investigate ice 

nucleation processes at simulated mixed-phase cloud (Niemand et al., 2012) and cirrus cloud (Möhler et 

al., 2006) conditions. During the expansion runs in AIDA, the temperature of the chamber walls remain 

almost constant. This results in an increasing temperature difference between the well mixed volume 

inside the chamber, which is cooled by the pressure decrease, and the chamber walls, and by that in an 

increasing heat flux from the walls into the volume of the cloud chamber. Therefore, the internal energy of 

the gas is increasing, and the temperature profile during expansion is deviating from the adiabatic cooling 

profile of an air parcel the experiences the same pressure reduction while ascending in the atmosphere at a 

certain updraft velocity occurring for instance in convective clouds. To reduce this deficiency for lab-

based cloud simulation experiments in an expansion-type cloud simulation chamber, the new dynamic 

cloud simulation chamber AIDAd (Aerosol Interaction and Dynamics in the Atmosphere – dynamic 

version) was built at the Karlsruhe Institute of Technology and came into operation in 2022. In this cloud 

chamber, the walls can be cooled at the same rate as the gas inside, so that cloud simulation experiments 

can be performed at or at least close to adiabatic expansion conditions which air parcels also experience 

during their rise in the atmosphere. 

 

 

METHODS 

 

The new dynamic cloud simulation chamber AIDAd has a double-chamber design (Figure 1), which is 

similar to the design of the dynamic cloud chambers operated at the Colorado State University (Demott 

and Rogers, 1990) or still in use at the Meteorological Research Institute in Tsukuba, Japan (Tajiri et al., 

2013). It has a new mechanical engineering and cooling design developed in collaboration with the 

Bilfinger Noell GmbH in Würzburg, Germany, and the Institut für Luft- und Kältetechnik gGmbH in 

Dresden, Germany. The walls of the cloud chamber located inside a vacuum chamber can actively be 

cooled at constant rates up to 10 °C min-1 (equivalent to an updraft velocity of about 15 m s-1 in the 

troposphere) within the temperature range of +30°C to -55°C. The volumes of the vacuum chamber and 

the cloud chamber are 15.8 m3 and 3.8 m3, respectively. The cloud chamber is made of five segments with 

independent temperature control. Therefore, the chamber can be operated at either isothermal or controlled 

temperature gradient conditions. The unique technical design of AIDAd enables the simulation and 

investigation of tropospheric cloud processes in a wide range of cooling rates and liquid condensation 

levels.  
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Figure 1. Construction of the AIDAd vacuum and cloud chambers. 

 

 

The technical performance of AIDAd was demonstrated in series of test runs with cooling rates between 1 

and 10 °C min-1. Figure 2 shows an example of gas temperature measurements inside the cloud chamber 

during expansion runs from about +5°C to -45°C at constant cooling rates of 1 °C min-1 (blue lines), 4 °C 

min-1 (green lines), and 10 °C min-1 (red lines). The solid lines show the mean temperature from all 

sensors inside the cloud chamber, the thin lines the minimum and maximum value from all individual 

sensors at a given time. The lower panel shows the difference of the minimum and maximum value from 

the mean temperature. The gas temperature inhomogeneity is increasing towards the end of an expansion 

run and is also somewhat higher for the runs at higher cooling rate, but still remains within about ± 2 °C 

even at the highest cooling rates.  

 

The performance and quality of AIDAd for cloud droplet activation and ice nucleation studies was 

investigated with a series of cloud droplet freezing experiments, which showed the homogeneous freezing 

of pure water droplets to occur, as expected, at temperatures between -35°C and -37°C. Furthermore, 

series of cloud activation experiments were performed with ambient air and with minerals dust aerosols to 

investigate and document the performance of AIDAd for investigating heterogeneous ice nucleation 

processes. 
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Figure 2: Mean gas temperatures (solid lines) and maximum/minimum temperatures (thin lines) from 

three AIDAd expansion runs with cooling from about +5°C to -45°C at constant rates of 1 °C min-1 (blue 

lines), 4 °C min-1 (green lines), and 10 °C min-1 (red lines). The lower panel shows the difference between 

the maximum/minimum temperatures and the mean gas temperature. 

 

 

 

CONCLUSIONS 

 

The dynamic cloud simulation chamber AIDAd came into operation in 2022 as a new research and user 

facility for investigating aerosol-cloud processes at simulated atmospheric cloud conditions with well 

controlled pressure, temperature, cooling rate, and moisture content. Test runs and proof-of-concept 

experiments demonstrated the performance of AIDAd for cloud activation and ice formation experiments. 

More recently, repeated experiments with mineral dust aerosols were performed to investigate the nature 

of immersion freezing and its formulation or parameterization as a more stochastic or active site related 

process. Results from both the test runs and first science-oriented experiment series will be discussed at 

the conference as part of this contribution.  
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INTRODUCTION 

The International Laboratory for Air Quality and Health (ILAQH) has been monitoring new particle 

formation (NPF) in Brisbane for over 20 years. In this paper, we look at the results of six studies and 

investigate how the frequency of NPF has varied over the years. Five of these studies have been 

previously published in peer-reviewed journals, and the sixth is an on-going study at ILAQH, being 

reported here for the first time. 

The occurrence of NPF depends on many factors, principally the prevalent precursor gas 

concentration and the pre-existing aerosol particle concentration (Kulmala et al, 2013; Kerminen et al, 

2018). Aerosols in the air act as condensation sinks in mitigating the concentration of precursor gases. 

Thus, an NPF event is more likely to occur on a day when the air is cleaner than when it is polluted. 

Jayaratne et al. (2015) showed that the particle back-scatter coefficient (BSP) is a good indicator of 

NPF. The BSP is an indicator of the airborne particle concentration and, thus, inversely proportional 

to the atmospheric visibility. Jayaratne et al. (2015) showed that the BSP may be used as a reliable 

indicator of the possibility of observing NPF on a given day and reported that the probability of 

observing an NPF event was greater than 95% when the BSP was less than 6.8 Mm-1. 

A key source of precursor gases and particles in the urban airshed is motor vehicle emissions 

(Morawska et al., 2008). Over the years, motor vehicle emission rates have been falling as standards 

have been made increasingly stringent. For example, the PM emission standard for diesel vehicles in 

Australia, a major source of environmental particle pollution, has been reduced from 140 mg/km in 

1993 (Euro 1) to 5 mg/km at present (Euro 6). This is a reduction of over 96% of particles emitted 

into the airshed. It has been achieved by the use of increasingly efficient after-treatment devices and 

particle filters in vehicle exhaust. However, at the same time, there has been a concerted move to 

reduce the sulphur content in fuel. The sulphur level in diesel has been reduced from 5000 ppm at the 

turn of the century, in three steps through 500 ppm and 50 ppm, to 10 ppm today. This is expected to 

result in a reduction of Sulphur Dioxide (SO2) in the air. SO2 is the main precursor gas largely 

responsible for NPF in the atmosphere (Kerminen et al., 2018). Thus, the improvement of vehicle 

emission standards over the years has introduced two competing factors that control NPF in the 

atmosphere. First, we expect a decrease in NPF due to the decreased precursor gas concentrations and 

second, we expect an increase in NPF due to the decrease in particulate matter content and its 

associated condensation sink. In this study, we investigate the frequency of NPF events observed in 

Brisbane over the last 17 years in order to ascertain its trend. 
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METHODS 

 

Study Year Measurement Period Instrument %NPF Days 

Guo et al (2008) 2006 22 days SMPS 35 

Cheung et al (2011) 2009 1 year SMPS 26 

Salimi et al (2012) 2012a 285 days SMPS 67 

Jayaratne et al (2016) 2012b 253 days NAIS 45 

Pushpawela et al (2018a) 2015-18 232 days NAIS 37 

Present 2022-23 8 months SEMS 26 

 

Table 1: Details of the six studies investigated. 

Three different instruments were used in these studies - the TSI scanning mobility particle sizer 

(SMPS), the Airel Neutral cluster and Air Ion Spectrometer (NAIS) and the Brechtel scanning 

electrical mobility sizer (SEMS). The instruments were located on the sixth floor of a building on the 

Queensland University of Technology (QUT) campus at Gardens Point. The sampling location was 

about 100 m away from a busy motorway carrying about 120,000 vehicles per day.  

In Table 1, the last column shows the percentage of days on which an NPF event was observed. These 

numbers are not precise as there are several factors that affected the results. In the various studies, the 

monitoring periods varied from 22 days to 1 year. However, Pushpawela et al (2018a) did not find a 

systematic annual variation in NPF frequency. Therefore, we have included the short-term study of 

Guo et al (2008) too in the analysis.   

During a typical NPF event, the particle number concentration (PNC) can increase from about 103 

cm--3 to about 105 cm-3 within a period of 2 hours. However, this may also occur during controlled 

hazard reduction burning events when smoke is carried to the monitoring site. The detection of an 

NPF event is strongly dependent on the smallest size of particle that can be detected by the 

instrument. In this respect, there is a vast difference between the SMPS (10-15 nm) and the NAIS (2 

nm).  This prompted Pushpawela et al (2018b) to conclude that many of the NPF events reported by 

the SMPS were in fact merely growth events. Hygroscopic growth of particles (without actual 

formation) occurs on most nights when the temperature falls and the humidity increases. The 

identification of an NPF event is also subjective. For example, in the NAIS studies, NPF events were 

classified in accordance with the method provided by Zhang et al (2004) using the particle formation 

rate, dN/dt, where N is the PNC in the size range 2-10 nm. Events with a PNC greater than 5000 cm-3 

for a period of at least 1 h and dN/dt > 5000 cm-3 h-1 were classified as NPF events. 

 

RESULTS 

The present study using a SEMS has been on-going since July 2022. This comprised nearly eight 

months of good data. NPF events were observed on 56 of the 215 days for which complete data were 

available. In agreement with previous studies (Pushpawela et al, 2018a), almost all of the NPF events 

began between 8 am and 12 noon, reached a peak PNC between 10 am and 1 pm, and gradually 

decreased over the afternoon until about 4-5 pm. The percentage of days on which NPF was observed 

was 26%. This is lower than in all other studies with the exception of Cheung et al (2011) who found 

the same value. The result, compared to previous years are shown in Figure 1. 

It is clear that the frequency of NPF has not changed significantly over the last 17 years. One possible 

explanation is that the competition between PM and SO2 over the years has balanced out. However, 

this is not borne out by the variation of PM concentrations over the years. Figure 2 presents the annual 
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average PM10 and PM2.5 concentrations observed in Brisbane (DES, 2022). The unusually high 

concentrations in 2009 and 2019 were due to smoke from bush fires. The relatively low 

concentrations in 2020 and 2021 were due to the Covid lockdown. The corresponding SO2 

concentrations between 2006 and 2021 remained at the threshold value of 1.0 ppb right through (DES 

2022) and are, thus, not shown here. 

 

    

Figure 1: The frequency of NPF events observed in Brisbane. Refer to Table 1 for details. 

 

   

Figure 2: Annual average PM10 and PM2.5 concentrations observed in Rocklea, Brisbane (DES, 2022). 
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CONCLUSIONS 

This analysis of past and present studies of NPF in Brisbane shows that the frequency of NPF has not 

changed significantly over the last 17 years (Fig 1). One possible explanation is that the competition 

between PM and SO2 has balanced out. However, the annual average PM concentrations measured in 

Brisbane has not changed significantly (Fig 2), while the SO2 concentration has been too low to show 

any discernible temporal trend (DES 2022). There may be other factors in play. 

 

ACKNOWLEDGEMENTS 

This study was carried out under Australian Research Council Linkage Grant ARC LP180100516. We 

are grateful to the Queensland Department of Environment and Science for providing the PM data. 

 

REFERENCES 

 

Cheung, H., Morawska, L., Ristovski, Z. (2011). Observation of new particle formation in subtropical 

urban environment, Atmos. Chem. Phys. 11, 3823-3833. 

DES (2022). Queensland Air Monitoring Report 2021. Department of Environment and Science. 

Queensland Government. 

Guo, H., Ding, A., Morawska, L., He, C., Ayoko, G., Li, Y. S., and Hung, W. T. (2008) Size 

distribution and new particle formation in subtropical eastern Australia, Environ. Chem., 5, 382-390. 

Jayaratne, E. R., Pushpawela, B., and Morawska, L. (2016) Temporal evolution of charged and 

neutral nanoparticle concentrations during atmospheric new particle formation events and its 

implications for ion-induced nucleation, Front. Environ. Sci. Eng. 10, 13-22. 

Kerminen, V., Chen, X., Vakkari, V., Pertaja, T., Kulmala, M. (2018). Atmospheric new particle 

formation and growth: review of field observations. Environ Res Lett. 13, 103003. 

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manninen, H. E., Nieminen, T., Petäjä, T., 

Sipilä, M., Schobesberger, S., and Rantala, P. (2013). Direct observations of atmospheric aerosol 

nucleation, Science, 339, 943-946. 

Morawska L, Ristovski Z, Jayaratne ER, Keogh DU, Ling X. (2008). Ambient nano and ultrafine 

particles from motor vehicle emissions: Characteristics, ambient processing and implications on 

human exposure. Atmos. Environ. 42: 8113-8138. 

Pushpawela, B., Jayaratne, R., and Morawska, L. (2018a). Temporal distribution and other 

characteristics of new particle formation events in an urban environment, Environ. Pollution, 233, 

552-560. 

Pushpawela, B., Jayaratne, R., Morawska, L. (2018b). Differentiating between particle formation and 

growth events in an urban environment. Atmos Chem Phys. 18, 11171-11183. 

Salimi, F., Rahman, M., Clifford, S., Ristovski, Z., and Morawska, L (2017). Nocturnal new particle 

formation events in urban environments, Atmos. Chem. Phys. 17, 521-530. 

Zhang, Q., Stanier, C., Canagaratna, M., Jayne, J., Worsnop, D., Pandis, S., and Jiminez, J. (2004). 

Insights into the Chemistry of New Particle Formation and Growth Events in Pittsburgh Based on 

Aerosol Mass Spectrometry, Environ Sci Tech, 38, 4797-4809. 

220



OBSERVATIONS OF AEROSOL-INDUCED FOG THICKENING OVER NORTH INDIA

N. ARUN1, CHANDAN SARANGI1*, VIJAY P. KANAWADE2, and RITESH GAUTAM3

1 Department of Civil Engineering, Indian Institute of Technology Madras, Chennai, India
2 Centre for Earth, Ocean, and Atmospheric Sciences, University of Hyderabad, Hyderabad,

Telangana, India
3 Environmental Defense Fund, Washington DC, USA

Keywords: RADIATION FOG, AEROSOL-FOG INTERACTION, WINTER HAZE, INDO-
GANGETIC PLAINS

INTRODUCTION

Fog formation and its persistence over the IGP are prime examples of radiation fog, where low-level 
moisture, calm winds, temperature inversion, and night-time radiative cooling are the main 
prerequisites for its development (Duynkerke, 1990). The characterization of a ‘moderate fog’ or 
‘dense fog’ is directly inferred from the horizontal visibility parameter (Ghude et al., 2017) rather than
the vertical extent of the fog (such as geometrical thickness). Hence, the estimates of fog macro 
properties, such as the fog’s top and thickness, including their variations and the processes involved, 
are poorly understood. The IGP also experiences high aerosol loading in the winter months (Babu et 
al., 2013; Dey and Di Girolamo, 2011; Kumar et al., 2017). These aerosols can impact the growth and
dissipation of fog via competitive radiative and microphysical pathways (Bharali et al., 2019; Gautam 
et al., 2007; Jia et al., 2019; Maalick et al., 2016). In this study, we have used long-term simultaneous 
aerosols and fog observations from spaceborne Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 
Observation (CALIPSO) to understand the potential physical associations between aerosol loading 
and fog macrophysics. 

METHODOLOGY AND DATA

CALIPSO

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) mission was 
developed as part of the National Aeronautics and Space Administration (NASA) Earth System 
Science Pathfinder (ESSP) program in collaboration with Centre National d’Études Spatiales (CNES),
the French space agency to probe the vertical structure and microphysical properties of clouds and 
aerosols over the globe (Winker et al., 2007). The daytime winter months (December through 
February) for the last 15 years (2006-2021), exclusively over the IGP, have been chosen in this study. 
The CALIOP lidar observations can effectively differentiate cloud and aerosol layers at a vertical 
resolution of 60 m and horizontal resolution of 5 km during the day using the backscatter intensity 
measurements; hence can be utilized to constrain the base and top height of the cloud samples to 
identify the fog layer. The cloud top and base height estimates enable us to calculate the fog thickness,
which can be used to infer the persistence of a fog event, as the thicker fog can prolong the dissipation
phase. We have devised a strategy that will only isolate fog if the detected layer’s base height is less 
than 0.075 km and the top height is less than 0.8 km. Simultaneous to the identified fog layer, we also 
found the co-existence of aerosol loading above the fog (hereafter AODFOG). Thus, for any 
corresponding fog layer, AODFOG is calculated by vertically integrating the extinction coefficient 
above the identified fog layer from its top height to (top height + 1) km.
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CONCLUSION

Figure 1: Vertical distribution of aerosol extinction and fog layers over IGP. (a) Vertical profiles of 
extinction coefficient (altitude above ground) and (b) the number of fog samples (altitude above 
ground) over IGP corresponding to low AODFOG (0 – 0.02; 110 profiles) and high AODFOG (0.06 – 
0.28; 109 profiles) scenarios. The bounds in figure 2a represent the 25th and 75th percentile values.

A total of 1501 fog profiles were obtained over the entire IGP domain from 15 years (2006 - 2021) of 
CALIPSO data, and out of these, 671 profiles found AODFOG. To isolate the effects of aerosols on the 
macro-physical changes in the fog, we restrict our subsequent analyses to the area with the largest fog 
occurrence and higher AODFOG concentration. We see that the aerosol extinction profiles for the high 
AODFOG bin are 2-3 times greater than the profile for the low AODFOG bin near the surface, and this 
difference, however, reduces with the altitude (figure 1a). Subsequently, this high aerosol loading is 
characterized by increased fog layers with fog tops between 0.3 – 0.8 km (figure 1b). However, in the 
low AODFOG scenario, the fog samples increased only near the ground (~0 km). These results suggest 
a relative vertical growth of the fog layer under a high aerosol loading regime.
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INTRODUCTION

Collisions between ions and dipolar molecules can facilitate the formation of atmospheric aerosol
particles and play an important role in their detection in chemical ionization mass spectrometers.
Conventionally, analytical models or simple parametrizations have been used to calculate rate
coefficients of ion-dipole collisions in the gas phase. Such models, however, neglect the atomistic
structure and charge distribution of the collision partners.

METHODS

To determine the accuracy and applicability of these theoretical approaches, we calculated collision
cross sections and rate coefficients from all-atom molecular dynamics collision trajectory simula-
tions, sampling a relevant range of impact parameters and relative velocities, and from a central
field model using an effective attractive interaction fitted to the long-range potential of mean force
between the collision partners (Halonen et al., 2019). We considered collisions between various at-
mospherically relevant molecular ions and dipoles, as well as charged and neutral dipolar clusters.

System βMD/βCF βMD/βSC
H2SO4 – HSO –

4 1.04 1.20
H2SO4 – (CH3)2NH

+
2 0.92 1.11

H2SO4 – NH +
4 1.05 1.14

H2SO4 – NO –
3 1.04 1.16

H2SO4 – [H2SO4 ·HSO –
4 ] 0.98 1.16

[HSO –
4 · (CH3)2NH

+
2 ] – HSO –

4 0.93 1.39
[HSO –

4 · (CH3)2NH
+

2 ] – (CH3)2NH
+

2 0.90 1.32
[HSO –

4 · (CH3)2NH
+

2 ] – [H2SO4 ·HSO –
4 ] 1.01 1.31

Table 1: Comparison between collision rate coefficients obtained from molecular dynamics simula-
tions βMD, central field model with parameters fitted to the PMF curve βCF, and Su and Chesnavich
parametrization βSC.

CONCLUSIONS AND OUTLOOK

We find excellent agreement between the collision cross sections and rate coefficients obtained
from the molecular dynamics trajectory simulations and the central field model (Tab. 1; Fig. 1).
Therefore, we conclude that the effective interactions between the collision partners are highly
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isotropic, and the central field model is able to capture the relevant physicochemical properties of
the system.

Comparing the molecular dynamics trajectory simulations with the often-used parametrization by
Su and Chesnavich (1982), we find that the latter can predict the collision rate coefficient quite
well for systems with a molecular dipole, but the agreement worsens for systems with a dipolar
cluster (Tab. 1).

Based on our results, we propose the combination of potential of mean force calculation and cen-
tral field model as a viable and elegant alternative to brute force sampling of individual collision
trajectories over a large range of impact parameters and relative velocities (Neefjes et al., 2022).

We are currently using the combination of potential of mean force calculation and central field
model, as well as the atomistic trajectory simulations, to understand the relatively large increase
in rate coefficient observed in chemical ionization mass spectrometers when sulfuric acid is charged
with acetate, as compared to nitrate (Fomete et al., 2022).
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Figure 1: The collision probability from molecular dynamics simulations as a function of the impact
parameter and relative velocity (top) and the collision cross section from molecular dynamics sim-
ulations and central field model with parameters fitted to the PMF curve as a function of relative
velocity for the H2SO4–(CH3)2NH

+
2 system (bottom).
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INTRODUCTION 

Respiratory syncytial virus (RSV) is a significant cause of respiratory infection in both adults and children, 
causing mild to severe disease including pneumonia, bronchiolitis and exacerbating chronic respiratory 
conditions such as asthma (Lewnard et al., 2022). The airborne route of transmission has been identified 
as a primary mode of respiratory virus spread (Niazi et al., 2021b). However, there is limited understanding 
of airborne RSV survival and transmission. We have utilised transdisciplinary techniques in aerosol 
physics, atmospheric chemistry and virology to deliver an innovative and transformative approach to 
fundamentally understand airborne RSV survival in different indoor air conditions. We determined how 
ambient relative humidity (RH) can interact with physicochemical properties of exhaled respiratory 
particles and impact airborne RSV survival. This study offers practical new knowledge for reducing the 
infectivity of airborne RSV in built environments. 

METHOD 

We measured the hygroscopic behaviour of particles nebulized from the virus carrier fluid at a dry diameter 
of 100 nm using a humidification tandem differential mobility analyzer (H-TDMA). Three static different 
indoor ambient RH scenarios, including sub-dry (RH˂39%), hysteresis (40%<RH<67%) and super-wet air 
(RH>67%) were defined based on the hygroscopic behaviour of the virus-laden particles (figure 1). We 
determine RH-dependence survival of airborne RSV in three static indoor air conditions as well as in three 
dynamic indoor air conditions (transitions between the static conditions) over timescales spanning 5 min 
to 45 minutes. We tested our previously hypothetical model known as the Efflorescence and Deliquescence 
Divergent Infectivity (EDDI) model to explain the RH-dependent survival of airborne RSV at different 
ranges of RH. The EDDI model suggests that saline respiratory-borne particles can be either effloresced 
(crystalized) or deliquesced (aqueous) within intermediate (hysteresis) RH zone depending on RH history, 
which coincides largely with the recommended ergonomically comfortable RH for built environments (30-
60%). This means the survival of embedded viruses in such particles can be either promoted or diminished, 
depending on the state of the particles and their RH history. We used a 400 L aerosol aging drum equipped 
with RH and temperature control systems to model and precisely maintain various indoor air conditions.  
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CONCLUSIONS 
 

The static indoor air conditions modelled in the drum and measured airborne virus infectivity are 
summarized in figure 2. Experiments were performed in triplicate. 

Figure 2. a) Airborne RSV infectivity % loss over 45 minutes particle aging (means ± standard errors of three 
experiments) in static experiments of sub-dry, hysteresis, and super-wet indoor air scenarios and b) Ambient RH 
measurements for these three indoor air scenarios (average of three experiments). Initial infectivity (t = 0) is measured 
to be 70% ± 1.63%. Initial infectivity rate considers the effects of the nebulizer and sampler on RSV at time zero. 

We tested three dynamic scenarios (transitions between the static conditions) to investigate the airborne RSV 
infectivity rates due to RH transition to the final hysteresis air scenario (intermediate RH). Figure 3b shows the 
conditions inside the rotating drum for examining these scenarios. For effloresced particles, the virus carrier fluid 
was nebulized in the lowest reachable RH (4.6%) in the drum and after reaching equilibrium the RH was raised to 
the hysteresis range by nebulizing ultrapure DNase/RNase-free distilled water. For the deliquesced state, the virus-
laden particles were introduced into hysteresis RH (56.6%) and then water was nebulized into the drum, increasing 
the RH from 56.6% to 82.83%. In the next step, dry HEPA-filtered compressed air was injected to bring back the RH 
to hysteresis air. We tested another scenario named as deliquesced control treatment case as the control for previous 
two states. In this case, the virus-laden particles were introduced into a high RH (91%) and by introducing dry HEPA-
filtered compressed air the RH declined to the hysteresis range. The samples were collected at 15, 25, 55 minutes 
aging time in the hysteresis air for all these three scenarios.  
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Figure 1. Hygroscopic growth factor (GF) of particles nebulised from the virus carrier fluid across the whole RH 
range (D0=100 nm). 
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Figure 3. EDDI model ability in predicting airborne RSV survival in hysteresis indoor air scenario. a) 
presents RSV infectivity % (means ± standard errors of three experiments) for effloresced and deliquesced 
carrier particles after gradual change of the RH to 56% and subsequent prolonged aging for 5, 15, and 45 
min at 56% RH. Gray and green shadings show the gradual RH shift before the first sampling and the 
hysteresis air RH range. The infectivity percentage at 5 min was acquired from the direct nebulization of 
virus-laden particles into sub-dry and super-wet indoor air scenarios. 

Our results indicate that the majority of airborne RSV is inactivated in the first 5 min aging time in all 
three static indoor air scenarios. This initial rapid viability loss happened within the first 5 min particles 
aging time when the particles were introduced as a plume into sub-dry, hysteresis and super-wet air 
conditions. These particles were subjected to an extensive change in RH from 100% to sub-dry RH (4.6%), 
hysteresis RH (50%) and super-wet RH (90%) in several seconds. These scenarios also occur in the real 
world when the virus-laden particles are expired into a heated dry air plume, into comfortable intermediate 
RH in indoor air or into humid air resulted from outdoor rainfall.  

Although airborne RSV infectivity rates following aerosolization into sub-dry and super-wet static air 
scenarios were similar, this changed when the RH was adjusted to intermediate RH or hysteresis air setting 
(figure 3). Airborne RSV infectivity fractions after 5 min aging time in both sub-dry and super-wet RHs 
were ~2.2%.  However, following the RH adjustment to hysteresis air setting, the infectivity for effloresced 
particles was more preserved, maintaining 1.62% out of 2.24% infectivity fraction after aerosolization. For 
the deliquesced control-treatment case (where the RH was adjusted from high to intermediate level), the 
virus viability fraction declined from 2.19% to 1.11%. We have previously reported the same behaviour 
for non-enveloped human rhinovirus (Niazi et al., 2021a), and enveloped influenza (Niazi et al., 2021c), 
however, the viability reductions for these two viruses were much higher than RSV following the RH 
adjustment from high to intermediate level. The observed trend of infectivity loss for effloresced particles 
realigned with that for the dried particles (nebulized in sub-dry air), highlighting that the virus inactivation 
mechanism had the largest impact during the slow water evaporation process, and it intensely decelerated 
after reaching equilibrium with surrounding ambient indoor RH. Our results indicated that the virus decay 
rate becomes stable earlier for effloresced particles compared to deliquesced control treatment particles 
due to the rapid equilibration and particle eater content. This means pre-drying the carrier particles 
inhabited virus deactivation even with adjusting the RH from low to intermediate level. 

Figure 4 summarized airborne RSV infectivity declines due to abrupt and gradual changes in ambient RH 
at t=45 min. These results presented that the infectivity of airborne RSV adheres a V-shaped curve in its 
response to different indoor air RH scenarios over 45 min, similar to that described for airborne influenza 
virus (an enveloped virus). While the virus infectivity at sub-dry air scenario or low RH is similar to that 
for intermediate and high RHs after 5 min aging time, it is increased during the aging in this condition. 
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Figure 4. Outcomes of EDDI model in predicting airborne RSV survival over 45 min. 

The infectivity in the intermediate RH range preferred for human comfort, is significant and is greatly 
enhanced (red dash line with triangle) if the particles become effloresced by interacting with dry air 
immediately after particles production. Conversely, the infectivity in the intermediate RH range is greatly 
decreased (blue dash with diamond) if the particles pass the deliquescence RH by coming from a humid 
air into a drier air (intermediate range). Our findings can propose intervention strategies for the improved 
virus infectivity through the EDDI mechanism. As it discussed above, a part of ambient room air 
recommended RH (30-60%) overlaps with the hysteresis RH zone of respiratory-borne particles. This 
means human respiratory exhaled particles efficiently detain a memory of last ambient RH experienced. 
In low ambient indoor air RH, below the efflorescence RH (39%), aerosolized virus-laden particles 
undergo a crystal mode, expelling the water content and preserving the virus. These particles can become 
saturated if the RH exceeds the deliquescence RH (67%). This phenomenon, becoming efflorescence, 
happens regularly in real-world settings e.g., coughing or sneezing in dry air plume of air conditioning 
vents or entering cold air into room air during cold seasons. Furthermore, gradual cycling the air between 
hysteresis and above the deliquescence RH resulted in zero virus survival after 15 min. This finding can 
be incorporated in future national and international guidelines to provide new insights for the better control 
of respiratory viruses. We finally propose to maintain the ambient indoor RH between above the 
efflorescence RH (39%) and below the deliquescence RH (67%) where outside of this range the embedded 
virus does not benefit from crystallized salt or supportive vitreous shell. 

 
ACKNOWLEDGEMENTS 

This study was funded by the Australian Research Council discovery grant no. DP210103284. 

REFERENCES  

LEWNARD, J. A., FRIES, L. F., CHO, I., CHEN, J. & LAXMINARAYAN, R. 2022. Prevention of antimicrobial 
prescribing among infants following maternal vaccination against respiratory syncytial virus. Proceedings 
of the National Academy of Sciences, 119, e2112410119. 

NIAZI, S., GROTH, R., CRAVIGAN, L., HE, C., TANG, J. W., SPANN, K. & JOHNSON, G. R. 2021a. 
Susceptibility of an Airborne Common Cold Virus to Relative Humidity. Environmental Science & 
Technology, 55, 499-508. 

NIAZI, S., GROTH, R., SPANN, K. & JOHNSON, G. R. 2021b. The role of respiratory droplet physicochemistry in 
limiting and promoting the airborne transmission of human coronaviruses: A critical review. Environmental 
Pollution, 276, 115767. 

NIAZI, S., SHORT, K. R., GROTH, R., CRAVIGAN, L., SPANN, K., RISTOVSKI, Z. & JOHNSON, G. R. 2021c. 
Humidity-Dependent Survival of an Airborne Influenza A Virus: Practical Implications for Controlling 
Airborne Viruses. Environmental Science & Technology Letters, 8, 412-418. 

 

0.01

0.1

1

10

100
Sub-dry air Hysteresis air Super-wet air

In
fe

ct
iv

ity
 %

Infectivity in
three indoor air
scenarios at t=45
min

Shifted infectivity when 
particles are effeloresced 

Infectivity returns to the
~ same leve to hysteresis
air when particles are
deliquesced

    

  

  

  

  

  

  

  

  

230



Measure/Model the Effects of Phase States on Deposition Ice Nucleation 

ZHENLI LAI1, ISABELLE STEINKE2,+, XIAOHAN LI3, MARTIN WOLF4, SINING NIU1, ZHENFA 
ZHANG5, JASON D. SURRATT5,6, DANIEL CZICZO7, SUSANNAH BURROWS2,*, YUE ZHANG1,* 
1Department of Atmospheric Sciences, Texas A&M University, College Station, TX, United States 77843 

 
2Pacific Northwest National Laboratory, Richland, WA, United States 99354 

 
3 Department of Civil and Environmental Engineering, Princeton University, Princeton, NJ 08544 

 
4Yale School of Environment, New Haven, CT, United States 06511 

 
5Department of Environmental Sciences and Engineering, University of North Carolina at Chapel Hill, 

Chapel Hill, NC, United States 27599 
 

6Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, NC, United States 
27599 

 
7Department of Earth, Atmospheric, and Planetary Sciences, Purdue University, West Lafayette, IN, 

United States 47907 
 

+Now at Delft University of Technology 
 

Keywords: SOA, 2-Methyltetrols, Deposition Ice Nucleation, Phase State 
 

INTRODUCTION 
Aerosol-cloud interactions, including the formation of ice clouds, is the largest uncertainty in predicting 
future climate based on the reports from Intergovernmental Panel on Climate Change (IPCC). Ice clouds 
are often formed with the aid of ice nucleating particles (INPs) through heterogeneous ice nucleation. 
Recent studies show that secondary organic aerosols (SOA), a major component of atmospheric fine 
particulate matter, may facilitate the heterogeneous ice nucleation by changing its phase state from liquid 
to semi-solid or glass. Such change of the phase state can lead to enhancement of ice nucleation from 
previous studies of organic aerosol surrogates. However, there have been limited studies to examine the 
effects of phase state on the heterogeneous ice nucleation properties of real atmospheric aerosol components. 
There are also few model parameterizations that are established to describe the heterogeneous ice nucleation 
properties of SOA by considering the environmental parameters and their phase state.  
 

METHODS 
In this study, we first generated 2-methyltetrol (2-MT) particles through homogeneous nucleation. 2-MT is 
a major component of the isoprene-derived SOA. The 2-MT particles are then size selected by a differential 
mobility analyzer before passing through a pre-cooling apparatus. The pre-cooling apparatus is used to 
condition the aerosols to selected temperatures so as to vary the phase state of the 2-MT particles. The pre-
condition 2-MT particles were then passed to a Spectrometer for Ice Nucleation (SPIN) to measure the 
deposition ice nucleation frozen fraction as a function of pre-cooling temperature and frozen temperature. 
The results show the frozen fraction of 2-MT particles have a strong dependence on the phase state.  
 
Hence, we also develop a parameterization framework based on a stochastic ice nucleation model to 
describe the deposition ice nucleation process of SOA at various phase states and environmental conditions. 
This framework takes experimentally measured ice nucleation parameters from organic aerosols under 
selected phase states, and output the heterogeneous ice nucleation rate coefficient, Jhet, as a function of 
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temperature, ice supersaturation, and aerosol phase state (viscosity). The simulated Jhet isolines follow u-
shaped curves in the ice supersaturation–temperature diagram at temperatures between 227-239 K, agreeing 
well with existing experimental data. 
  

CONCLUSIONS 
Our experimental results demonstrate that the phase state of 2-MT particles have strong influence on the 
deposition ice nucleation abilities. A lower pre-cooling temperature with more viscous 2-MT particles lead 
to an increase of the deposition ice nucleation property. Our simulated results shows that including the 
phase state will more accurately predict the heterogeneous ice nucleation abilities for 2-MT particles, as 
shown in Figure 1. In addition, the model results further suggest that certain SOA species are potentially 
important INP sources in the tropical troposphere region and the updraft rate of the air is also important in 
altering the ice nucleation ability of SOA by affecting the cooling rate. We estimate that the isoprene-
epoxydiol-derived SOA (IEPOX-SOA) can increase the number concentration of INP by 30 L-1 at 10-12 
km in altitude based on field measurements from the Amazon rainforest. These results imply that the 
interplay between INP and aerosol phase state may need to be considered in regional- and global-scale 
climate models in order to further understand the aerosol-cloud interaction processes and global radiative 
forcing. 

Figure 1: (a-c): fitted Jhet of 2-MT as a function of only supersaturation and temperature at different pre-
cooling conditions. (d-f): fitted Jhet of 2-MT as a function of viscosity, supersaturation, and temperature at 
different pre-cooling conditions 
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INTRODUCTION 

 
Aerosols are ubiquitous in the atmosphere and the aerosol-cloud interactions are one of the largest 
uncertainties in estimating the radiative forcing and predicting future climate. The physicochemical 
properties of aerosols can significantly alter their cloud condensation and ice nucleation properties, as 
well as cloud microphysics. Among atmospheric aerosols, a significant fraction is coming from the 
multiphase reactions of biogenic volatile organic compounds (BVOCs) with anthopogenic acidic 
sulfate particles. Previous studies have shown that specific organosulfate (OS) compounds could 
potentially enhance the ice nucleation properties of aerosol particles from both field sampling and 
laboratory measurements. Additionally, the phase states of the particles may also hsve critical impacts 
on their ice nucleation activities.  
 
This study aims to bridge the scientific gap by investigating the impact of multiphase reactions on the 
phase state, mixing state, and morphology of the particles, and examining how the modification of the 
physicochemical properties would jointly affect the cloud condensation and ice nucleation activities.  
 

METHODS 
 

The SOAs derived from four BVOCs are generated from a potential aerosol mass (PAM, Aerodyne 
Research INC.) reactor, with both neutral ammonium sulfate (AS) and acidic ammonium bisulfate 
(ABS) seed particles. The impacts of the oxidized low volatility organic compounds condensed onto 
the seed particles are eliminated with the neutral AS seed particle system, and the influences from 
reactive uptake are isolated, as an acidic environment would promote the multiphase reactions.  
 
Both online and offline techniques are utilized to monitor the change of the chemical composition, 
specifically, the formation of OS through multiphase oxidation. Filter samples are collected, and the 
concentration and chemical composition of OS is determined by high resolution aerosol mass 
spectrometer and Nanospray Desorption Electrospray Ionization coupled with Orbitrap mass 
spectrometer. The SOAs are also collected onto the TEM grids with their morphology and phase state 
being analyzed with a Scanning Electron Microscope. The cloud condensation and ice nucleation (IN) 
activities of the SOAs undergoing multiphase reactions are measured by the PNNL Cloud 
Condensation Nucleus (CCN) Counter and the Continuous Flow Diffusion Chamber (CFDC) in real-
time to derive hygroscopicity parameter κ and ice nucleation onset RH, respectively.  
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CONCLUSIONS 
 

As shown in Figure 1, the hygroscopicity of the OS containing IEPOX SOA drastically decreased 
compared with the inorganic ABS seed particles, indicating a reduction of CCN activity during the 
multiphase reaction. The analogous analyses are conducted for other BVOC systems for both CCN 
and IN activities. The role multiphase reaction from BVOCs on the CCN and IN properties of SOAs 
are symmetrically examined in this study.  

 
Figure 1: The change of hygroscopicity and morphology of the SOA particles before (red), during 
(green), and after (blue) IEPOX injection.  
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INTRODUCTION 

 

New particle formation (NPF) in the atmosphere, the process by which new ultrafine-particles are formed 

from gas-phase precursors, is the dominant source of global aerosol number. In environments with low 

existing aerosol and/or sufficient condensable material, newly formed particles can grow by condensation 

to sizes where they can readily act as cloud condensation nuclei (CCN); this process of NPF and growth is 

a major contributor (~50%; Gordon et al., 2017) to global CCN concentrations. NPF events have been 

observed in cities and the remote atmosphere, and the study of these events has greatly enhanced our 

understanding of the underlying processes that govern NPF in different environments. The majority of 

NPF observations occur at stationary sites; however, the stationary site may not adequately observe the 

isolated effects of aerosol chemistry and physics due to gradual or rapid changes in the air masses passing 

over the site. In this work, we will compare and contrast modeled aerosol size distributions at a stationary 

site and along Lagrangian trajectories crossing the site throughout event days, and we will examine any 

discrepancies and implications therein.  

 

METHODS 

 

In this work, we ran a 3-D chemical transport model (GEOS-Chem) over the central United States during 

the HI-SCALE campaign in 2016, which took place at the Southern Great Plains (SGP) observatory in 

northern Oklahoma. The model uses the TwO Momen Aerosol Sectional (TOMAS; Adams and Seinfeld, 

2002) aerosol microphysics, which represents changes in aerosol number and species mass due to 

condensation, coagulation, and nucleation across 40 size bins ranging from 1 nm to 10 𝜇m. To assess the 

Lagrangian perspective of NPF events, we ran the HYbrid Single-Particle Lagrangian Integrated 

Trajectory (HYSPLIT) model (Draxler and Rolph, 2012) to obtain air mass trajectories that pass over the 

SGP site. We then compare the modeled aerosol size distributions derived along the trajectory paths with 

the modeled size distribution from the SGP site.  

 

 

RESULTS 

 

Figure 1. shows a comparison between the modeled aerosol size distributions at the stationary site (SGP) 

and 5 Lagrangian trajectories passing over the SGP site each at a different time. The stationary size 

distribution shows particles appearing already grown to sizes ~10 nm, which would indicate that the initial 

particle growth is not being captured at the stationary site. Contrarily, the aerosol size distributions along 

the Lagrangian trajectories show more consistent ‘banana’ shaped NPF events. However, even some of 
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these trajectories show the particles showing up having grown to several nm, which is due to nucleation 

and growth occurring at the top of the boundary layer prior to mixing to the surface (not shown) The 

contrast between the stationary size distribution and the Lagrangian size distributions indicates that an 

analysis of the stationary size distribution may lead to inaccurate conclusions about the underlying 

mechanisms driving the NPF event. In this work, we will present an analysis of several NPF events with 

discrepancies between the stationary and moving size distributions, and we will examine some of the 

implications of these discrepancies.  

 

 
 
Figure 1. The top left panel shows the aerosol size distribution from GEOS-Chem at the stationary site (SGP). The 

vertical lines indicate the times at which the Lagrangian trajectories pass over the site. The panels on the right show 

the aerosol size distributions as observed along the trajectories. The vertical line on each panel indicates the time at 

which the parcel passes over the SGP site. The panel on the bottom left shows the trajectory path of each of the air 

parcels, and the colors of the lines correspond to the vertical lines on the aerosol size distribution panels. The SGP 

site is indicated by the red ‘X’.  
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ABSTRACT 
 
A multitude of processes is involved in the evolution of cloud systems under slightly supercooled 
conditions down to -10°C. The interaction of thermodynamics, water vapour and aerosol particles controls 
the phase partitioning, precipitation formation and radiative properties, but the associated pathways can 
hardly be disentangled. The project PolarCAP Polarimetric Radar Signatures of Ice Formation Pathways 
from Controlled Aerosol Perturbations (PolarCAP) aims at tackling this complex problem by exploring 
the evolution of the ice phase at slightly supercooled conditions in a thermodynamically and aerosol-
controlled natural environment using radar polarimetry and spectral-bin modelling. The targets of the 
study are predominantly liquid supercooled stratiform cloud layers which frequently form during 
wintertime in the temperature range from -10 to 0°C over the Swiss Plateau. In the frame of the external 
ERC research project CLOUDLAB, drones are used to seed these clouds with defined amounts of ice 
nucleating particles, i.e. silver iodide. The subsequent formation of ice phase and decay of the liquid phase 
will be characterized within CLOUDLAB using in-situ measurements and a standard set of remote sensing 
instrumentation such as lidar and LDR-mode cloud radar, with the goal to improve 1-moment and 2-
moment ice-phase parameterisations of the numerical weather prediction model ICON. PolarCAP 
collaborates with the CLOUDLAB project in order to enhance and utilize the unique dataset by means of 
the application of cutting-edge polarimetric radar- and lidar-based remote sensing techniques for the 
determination of cloud microphysical properties, as well as the application of cloud-resolving spectral-bin 
modelling. Synergistic, multi-wavelength and polarimetric ground-based remote sensing with scanning 
radar and lidar are used to monitor the transition of supercooled liquid stratiform clouds into mixed-phase 
clouds. The observations yield new insights into the interplay of contact and immersion freezing, 
secondary ice formation and ice multiplication, by investigating clouds in the supercooled temperature 
regimes which are presumed to be either affected or unaffected by specific ice-phase processes. 
Within the PolarCAP project the remote sensing equipment of LACROS (Leipzig Aerosols and Clouds 
Remote Observations System) is installed in Eriswil, Switzerland during three winter campaigns 2022-
2025. We will present the main goals of the PolarCAP project, the experimental setup of LACROS that is 
located side by side with the CLOUDLAB experimental setup. We will further present first results of our 
cloud microphysical measurements regarding ice crystal detection. 
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ABSTRACT 
 
Smoke in the stratosphere has severe impact on the Earth’s climate system. Stratospheric smoke 
influences radiation, temperature distribution, chemical composition, dynamics, ozone depletion and cirrus 
evolution. Typically, smoke reaches the stratosphere via the well-known pathway of pyrocumulonimbus 
convection as it was observed during the record-breaking wildfires that raged in southeastern Australia in 
late December 2019 and early January 2020. 
Rather strong pyrocumulonimbus (pyroCb) convection developed over the fire areas and lofted enormous 
amounts of biomass burning smoke into the tropopause region and caused the strongest wildfire-related 
stratospheric aerosol perturbation ever observed around the globe. We discuss the geometrical, optical, 
and microphysical properties of the stratospheric smoke layers and the decay of this major stratospheric 
perturbation (Ohneiser et al., 2020, 2022). A multiwavelength polarization Raman lidar at Punta Arenas 
(53.2°S, 70.9°W), southern Chile, and an elastic backscatter Raman lidar at Río Grande (53.8°S, 67.7°W) 
in southern Argentina, were operated to monitor the major record-breaking event until the end of 2021. 
These lidar measurements can be regarded as representative for mid to high latitudes in the Southern 
Hemisphere. A unique dynamical feature, an anticyclonic, smoke-filled vortex with 1000 km horizontal 
width and 5 km vertical extent, which ascended by about 500 m d-1, was observed over the full last week 
of January 2020. The key results of the long-term study are as follows. The smoke layers extended, on 
average, from 9 to 24 km in height. The smoke partly ascended to more than 30 km height as a result of 
self-lofting processes. Clear signs of a smoke impact on the record-breaking ozone hole over Antarctica in 
September–November 2020 were found. A slow decay of the stratospheric perturbation detected by means 
of the 532 nm aerosol optical thickness (AOT) yielded an e-folding decay time of 19–20 months. The 
maximum smoke AOT was around 1.0 over Punta Arenas in January 2020 and thus 2 to 3 orders of 
magnitude above the stratospheric aerosol background of 0.005. After 2 months with strongly varying 
smoke conditions, the 532 nm AOT decreased to 0.03-0.06 from March–December 2020 and to 0.015–
0.03 throughout 2021. The particle extinction coefficients at 532 nm were in the range of 10–75 Mm−1 in 
January 2020 and, later on, mostly between 1 and 5 Mm-1. An ozone reduction of 20 % – 25 % in the 15–
22 km height range was observed over Antarctica and New Zealand ozonesonde stations in the smoke-
polluted air. 
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In contrast to the Australian wildfires, smoke from Siberian wildfires was observed in the lower 
stratosphere in 2019-2020 during the MOSAiC campaign (Multidisciplinary drifting Observatory for the 
Study of ArctIc Climate) in the absence of previous pyroCb convection (Ohneiser et al., 2021). The 
absorption of Sun light by optically thick smoke layers results in heating of the ambient air. This heating is 
translated into self-lofting of the smoke up to more than 1 km in altitude per day. The main goal is to 
demonstrate for the first time that radiative heating of intense smoke plumes is capable of lofting them 
from the lower and middle free troposphere (injection heights) up to the tropopause without the need of 
pyrocumulonimbus (pyroCb) convection (Ohneiser et al., 2022b). The further subsequent ascent within 
the lower stratosphere (caused by self-lofting) is already well documented in the literature. Simulations of 
heating rates which are then converted into lofting rates are conducted by using the ECRAD (European 
Centre for Medium-Range Weather Forecasts Radiation) scheme. As input parameters thermodynamic 
profiles from CAMS (Copernicus Atmosphere Monitoring Service) reanalysis data, aerosol profiles from 
ground-based lidar observations, radiosonde potential temperature profiles, CALIOP (Cloud Aerosol Lidar 
with Orthogonal Polarization) aerosol measurements, and MODIS (Moderate Resolution Imaging 
Spectroradiometer) aerosol optical depth retrievals were used.  
The sensitivity analysis revealed that the lofting rate strongly depends on aerosol optical thickness (AOT), 
layer thickness, layer height, and black carbon (BC) fraction. We also looked at the influence of different 
meteorological parameters such as cloudiness, relative humidity, and potential temperature gradient. 
Lofting processes in the stratosphere observed with CALIOP after major pyroCb events (Canadian fires, 
2017, Australian fires 2019-2020) are compared with simulations to demonstrate the applicability of our 
self-lofting model. We analyzed long-term CALIOP observations of Siberian smoke layers and plumes 
evolving in the troposphere and UTLS (upper troposphere and lower stratosphere) region over Siberia and 
the adjacent Arctic during the summer season of 2019 and found several indications (fingerprints) that 
self-lofting contributed to the vertical transport of smoke. We hypothesize that the formation of a near-
tropopause aerosol layer, observed with CALIOP over several months, was the result of self-lofting 
processes because this is in line with the self-lofting simulations.  
We will show a detailed analysis of tropospheric and stratospheric smoke lofting rates based on 
simulations and observations as well as a detailed overview over the decay phase of the Australian 
wildfire smoke in the stratosphere in 2020-2021. 
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INTRODUCTION  
The physicochemical processes that take place within airborne droplets of respiratory fluid are 

complex and the impacts they have on the stability of airborne pathogens remain poorly understood, 
particularly within the first few seconds after aerosolisation. Understanding these processes may help 

to improve our understanding of the airborne spread of disease and to develop improved infection 

control strategies.      

METHODS 
Using the Controlled Electrodynamic Levitation and Extraction of Bioaerosols onto a Substrate 
(CELEBS) instrument (Oswin et al 2022) we studied the airborne stability of the Delta variant of SARS-

CoV-2 over very short timescales, manipulating the composition of both the droplet containing the virus 

and the gas surrounding the droplet, to gain insights into the mechanisms driving losses of viral 

infectivity at different relative humidities (RH).   
  

CONCLUSIONS 
Increasing the concentration of CO2 around the droplets improved the short-term survival of SARS-

CoV-2 across all RHs, but with the largest impact being seen at high RH, where the droplet was still 

likely to be liquid. Increasing the salt content of the droplet had a different effect, with no impact 
being seen on the stability of the virus at high RH, but an increase in survival being seen when the RH 

was low enough for phase change to occur in the droplet. These experiments provide further evidence 

that different physicochemical processes determine airborne viral stability at different RHs and 
demonstrate that different combinations of host and environmental factors can account for large 

differences in the stability of airborne viral pathogens. 
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INTRODUCTION 

 

Constraining uncertainties related to aerosol-cloud interactions require a better understanding of global 

cloud condensation nuclei (CCN) concentrations (Rosenfeld et al., 2014; Quaas et al., 2020). While direct 

in-situ measurements of CCN exist, observations are scarce and localized. Therefore, estimating global 

CCN concentrations requires parametrizations and models. Previously developed methods have 

commonly utilized remote sensing retrievals but achieving sufficient accuracy has proven challenging 

(Rosenfeld et al., 2014, Stier 2016). In our approach, we used in-situ aerosol measurements and reanalysis 

data combined with machine learning methods. The aim was to produce models that can estimate global 

CCN concentrations based on reanalysis data. The results can be used to validate Earth system models. 

METHODS 

 

 
Figure 1. We train and test Linear Regression and XGBoost models using N100 measurements and CAMS 

reanalysis data variables from 30 stations. 

 

The in-situ aerosol measurements contained the number concentration of accumulation mode particles 

(dry diameter larger than 100 nm), called N100. We used N100 as a substitute for CCN measurements. The 

N100 measurements were collected from 30 measurement stations across five continents. Additionally, we 

used Copernicus Atmosphere Monitoring System (CAMS) reanalysis data (Inness et al., 2019) containing 
aerosol, gas, and meteorological variables related to CCN formation. We retrieved these for the 
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coordinates of each station. Combined, N100 and CAMS reanalysis data formed a dataset that we used for 

training and evaluating the models. 

 

We trained Linear Regression (LR) and extreme gradient boosted (XGBoost) models with daily N100 

measurements as target and CAMS reanalysis data as predictors (Figure 1). We evaluated the model 

performance against observations at the measurement stations. In particular, we were interested in the 

model performance at a station when said station was excluded from model training. 

 

Using the trained models, we produced global N100 estimates. Our models (XGBoost or LR) take daily 

averaged full model area CAMS variable fields as input and produced a global N100 estimate (Figure 2).  

 
 

Figure 2. Schematic figure showing how XGBoost data takes daily global CAMS data fields as input and 

produces a global N100 estimate for an example day. 

 

RESULTS 

 

The overall performance for all stations combined is quite good, especially for the XGBoost model, which 

indicates that the models can capture the range of N100 values observed at measurement stations (Figure 3). 

However, if we look at individual stations, the model performance varies depending on how well the 

training set represents that station. When we exclude each station from training and analyze performance 

at the excluded station, we see that some stations have worse performance (Figure 4). These stations are 

typically in some way unique compared to the rest of the dataset. Even though we include all stations in 

the final models, this test indicates that there are locations where our global models may perform poorly 

due to not being represented in our set of measurement stations. Furthermore, there are some differences 

in the performance between LR and XGBoost. We see that typically XGBoost performs better, but LR is 

better at stations that are different from the rest of the dataset, possibly because it is better at extrapolating.    
 

 
Figure 3. The overall performance of Linear Regression (LR) and XGBoost models with modelled N100 

compared against observations from all measurement stations.  
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Figure 4. Model performance at each measurement station when said station was excluded from training. 

Black bars show XGBoost model result, red bars show Linear Regression model result. The model 

performance metric is the percentage of datapoints within factor of two from observations, where larger 

number indicates better result. 

 

Using the trained models and CAMS reanalysis variables, we produced global N100 estimates. The 

estimates have daily temporal resolution and 0.75 degrees spatial resolution.  

 

CONCLUSIONS 

 

We used CAMS reanalysis variables and measured N100 from 30 measurement stations to train Linear 

Regression and XGBoost models. The performance of these models was evaluated against measurement 

data. The evaluation indicates that the models can capture the range of N100 observed at the stations. 

However, outside the training stations the performance varies depending on how well our training set 

represents the location.  

  

We used the trained models to produce global N100 estimates. We will further investigate the behavior and 

accuracy of the global estimates in different locations outside the measurement stations. Based on our 

analysis, it is possible that while XGBoost yields better results at training stations, LR may be a more 

suitable method for spatial extrapolation and producing reliable global estimates. 
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SYNOPSIS 

 

Aerosols play an important role in the radiation balance of the earth-atmosphere system. Black carbon (BC), 

a prominent particle-phase light absorber, is exclusively produced by the incomplete combustions of fossil 

fuel, biofuel, and biomass. BC-related research has received significant global focus due to its notable 

impact on regional-to-global climate change. However, the knowledge about long-term changes in PM10, 

PM2.5, and BC aerosols in the western North Pacific is very limited. Lulin Atmospheric Background Station 

(LABS; 23.47°N, 120.87°E; 2862 m above sea level) on the summit of Lulin Mountain in central Taiwan is 

the only high-altitude background station in the western Pacific region and still operational since the spring 

of 2006 to study the impact of various air pollutants through long-range transport. Continuous real-time 

measurements of PM10 (2006-2016)/PM2.5 (2013-2020) and BC (2008-2020) at LABS were carried out by 

using the tapered element oscillating microbalances (TEOM 1405; Thermo Fisher Scientific, USA) and an 

aethalometer (AE-31, Magee Scientific, USA), respectively, in order to investigate their temporal variations, 

characteristics, and the important factors controlling long-term trend. The influence of meteorological 

parameters on their monthly/seasonal burden was extensively studied through correlation analysis. Multi-

year annual mean mass concentrations of PM10, PM2.5, and BC were 9.2, 7.2, and 0.4 µg m-3, respectively. 

Based on concentration weighted trajectory analyses, important contributory long-distant source regions for 

all aerosols at LABS were northern peninsular Southeast Asia and mainland China, particularly during 

spring (March-May) and northeast-monsoon (October-November), respectively. A slightly downward trend 

in PM10 (-0.35% year-1), PM2.5 (-0.24% year-1), and BC (-0.63% year-1) mass concentrations was observed 

at LABS. This might be due to the decline in the contribution of biomass-burning smoke emissions from 

peninsular Southeast Asia to the western North Pacific, recent energy policy change in China, and also 

changes in regional atmospheric boundary layer dynamics. 

 

 

ACKNOWLEDGEMENTS 

 

This work was supported by the National Science and Technology Council, Taiwan and the Taiwan 

Environmental Protection Administration. 

 
 

245



CCN activation of aerosols from different combustion emissions sources 

 

A.S. Panicker1 , V. Anil Kumar1 , M.P. Raju1 , G. Pandithurai1 , P.D. Safai1 , G. Beig1, 

S.Das2  

1Indian Institute of Tropical Meteorology, Pune, India 

 2 Stockholm University, Sweden 

Key words: Carbonaceous aerosols, black carbon, CCN 

 

Introduction and Method 

   It is necessary to understand the cloud condensation nuclei (CCN) activation of aerosols 

(especially carbonaceous aerosols) from various combustion sources. In this regard, the CCN 

activation of aerosols has been studied from various sources of emissions such as combustion 

of wood, cow dung cake, wood-coal burning and diesel generator (DG) in a laboratory 

environment at the High Altitude Cloud Physics Laboratory (HACPL) in Mahabaleshwar, 

India. Different instruments such as Cloud particle counter, CCN counter; Aethalometer, 

OC/EC analyser etc. were used for this purpose. The combustion from various sources was 

separately carried out inside a chamber and the outlet from the charmer was connected to all 

the other instruments for simultaneous measurements.  

Results and conclusion 

The CCN activation was found to be faster in carbonaceous aerosol emission from 

combustion of cow dung cake (complete CCN activation of particles was observed at 0.3% 

super saturation (SS). Wood burning showed an activation at 0.4% SS and the wood coal 

burning showed CCN activation at 0.7% SS. However the activation of particles from DG 

exhaust found to be a higher super saturation (SS) of 0.9% (100.9% RH). Compared to Black 

carbon and Elemental carbon, Organic carbon was found to be the dominant carbon 
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component in all four emission sources. The OC/EC rati was higher for wood burning (8.35) 

and was lowest for DG emissions (2.03). For the same number of BC particles, BC mass 

concentration was higher for DG emissions. The Organic species was found to be dominant 

compared to inorganic species in all the emissions. The study suggests that the carbonaceous 

aerosols from direct emissions can undergo CCN activations at high super saturations.  
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INTRODUCTION 
 

Morphological variables (e.g., maximum dimension Dmax, projected area, perimeter, width, and roundness) 

of ice crystals are fundamental information needed to represent microphysical and radiative properties of 

ice clouds in numerical models. These variables can be derived via in-situ aircraft measurements using cloud 

probes. Conventional airborne cloud probes are limited to a single observation angle to measure 

morphological variables. Non-spherical ice crystals may have different measured morphological variables 

depending on the observation angle, which causes uncertainties in the representations of the microphysical 

and radiative properties of ice clouds. Thus, it is required to quantify uncertainties that depend on 

observation angles for determining morphological variables of ice crystals.  

 

METHODS 
 

In this study, the differences in determining morphological variables of ice crystals depending on 

observation angles were quantified using measurements of the Particle Habit Imaging and Polar Scattering 

(PHIPS) probe that were acquired during the 2017 Arctic Cloud Observation Using airborne measurements 

during polar Day (ACLOUD) field campaign and the 2018 Southern Ocean Clouds Radiation Aerosol 

Transport Experimental Study (SOCRATES) field campaign. The PHIPS provides bright-field stereo-

microscopic images at two different observation angles that are 120° apart for the sampled ice crystals. 

Figure 1 shows the example PHIPS stereo images of a quasi-spherical ice crystal and a non-spherical ice 

crystal. Morphological variables and habits of ice crystals were determined based on the stereo images. 

Detailed information on the PHIPS can be found in Abdelmonem et al. (2016), Schnaiter et al. (2018), and 

Waitz et al. (2021). The uncertainty in determining a morphological variable of an ice crystal was quantified 

using the relative difference between two morphological variables acquired at two different observation 

angles, which is represented by 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑖𝑓𝑓 𝑉 =  
|𝑉𝑎𝑛𝑔𝑙𝑒1−𝑉𝑎𝑛𝑔𝑙𝑒2|

𝑀𝑎𝑥(𝑉𝑎𝑛𝑔𝑙𝑒1,𝑉𝑎𝑛𝑔𝑙𝑒2)
, 
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where Vangle1 and Vangle2 are morphological variables of ice crystals depending on the observation angle 1 

and 2, respectively, and Max (Vangle1, Vangle2) is the maximum value of Vangle1 and Vangle2. Larger Relative Diff 

V indicates larger impacts of nonsphericity of ice crystals on the determined morphological variables. The 

statistics of the Relative Diff V were calculated for different temperature and Dmax ranges. 

 

RESULTS 
 

Figure 2 shows the habits and mean roundness of ice crystals sampled by the PHIPS during the ACLOUD 

and SOCRATES in different temperature and Dmax ranges. Small irregulars (49.9%) and needles (13.1%) 

are dominant habits of the measured 5517 ice crystals. The roundness (nonsphericity) of needle ice crystals 

that have elongated shapes is smaller (larger) than that of small irregular ice crystals that have a quasi-

spherical shape (Fig. 3). Thus, the increase in the percentage of needle ice crystals with the increase in 

temperature (Dmax) mainly caused the decrease in mean roundness. In particular, the mean roundness of ice 

crystals depended strongly on Dmax. 

Figure 4 shows the differences in morphological variables of ice crystals depending on the observation 

angles (i.e., Relative Diff V) as functions of different temperature and Dmax ranges. A positive correlation 

was found between the Relative Diff V and temperature (Dmax). Particularly, the Relative Diff V depended 

strongly on Dmax, which was caused by the notable decrease in roundness with increasing Dmax. The mean 

Relative Diff Dmax (projected area; perimeter; width; roundness) of all ice crystals was 14.69% (22.75%; 

14.57%; 16.67%; 18.76%), and the maximum was 69.95% (95.32%; 75.87%; 95.19%; 89.95%).  

Figure 1. The stereo images of (a) a quasi-spherical ice crystal and (b) a non-spherical (capped column) 

ice crystal acquired via the PHIPS. 
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Figure 3. Examples of (a) small irregular ice crystals and (b) needle ice crystals acquired at a single 

observation angle of PHIPS. 

Figure 2. The habits and roundness of ice crystals in different (a) temperature and (b) Dmax ranges. The 

maximum of Dmax was determined at two observation angles and the corresponding roundness was used for 

statistical analysis. The red lines indicate the mean roundness. The number of ice crystals in different 

temperature and Dmax ranges is indicated in each panel. 
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CONCLUSIONS 
 

In this study, the uncertainties in determining morphological variables of ice crystals were quantified by 

calculating the differences in morphological variables of ice crystals depending on observation angles for -

35℃ < T < 0℃ and 35 μm < Dmax < 1500 μm. The nonsphericity of ice crystals increased with the increase 

in temperature and Dmax, which caused the increase in uncertainties in determining morphological variables 

of ice crystals. The nonsphericity of ice crystals caused the mean 14.69% (22.75%; 14.57%; 16.67%; 

18.76%) uncertainty and the maximum 69.95% (95.32%; 75.87%; 95.19%; 89.95%) uncertainty in 

determining Dmax (projected area; perimeter; width; roundness). 
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INTRODUCTION  

Atmospheric nanoparticles can be produced by direct emission from various combustion sources and/or be 
indirectly formed by gas-to-particle conversion process. New particle formation (NPF) usually refers to 
the secondary formation of nanoparticles from precursor molecules through nucleation, condensation, and 
coagulation processes (Kerminen et al., 2018). The newly formed particles will grow and affect the Earth’s 
climate system. They act as significant contributor to the number-based aerosol population in the ambient 
atmosphere (Kulmala et al., 2016) and serve as cloud condensation nuclei (CCN) affecting cloud 
formation (Kerminen et al., 2018). The NPF has been frequently observed in many locations and times 
with various precursor species, pollution levels, and meteorological conditions (Kerminen et al., 2018). In 
this study, characteristics of NPF parameters such as particle formation rate (J), growth rate (GR), 
condensation sink (CS), occurrence frequency, and occurrence criteria (L_gamma) were compared among 
different environments (urban, agricultural (livestock and cropland), and the Arctic) to better understand 
underlying mechanism of NPF under various environments. 

METHODS  

NPF measurements have been conducted at various locations. The number size distributions of particles 
from 3 nm to 10 µm were continuously measured by using a nano-scanning mobility particle sizer 
(SMPS) consisting of a nano-differential mobility analyzer (nano-DMA) (model 3085, TSI, USA) and a 
condensation particle counter (CPC) (model 3776, TSI, USA), a regular- SMPS consisting of a DMA 
(Model 3081, TSI, USA) and a CPC (Model 3772, TSI, USA)., a nanoscan-SMPS, and/or optical particle 
counter (OPC) (1.108, Grimm, Germany). The urban site is located on the Gwangju Institute of Science 
and Technology (GIST) campus in Gwangju, Korea (35.13º N and 126.50º E). The site is surrounded by 
residential, commercial, and agricultural areas, and is located 1.8 km to the east of the Honam highway. 
The agricultural sites are selected in livestock and cropland areas. The livestock site is located in Yongji-
myeon, Gimje-si (35.84º N, 126.99º E), Jeollabuk-do, Korea, close to numerous livestock farms (swine 
and chicken) and fertilizer production facilities. The area is home to 120,134 swine heads and 2,456,931 
chicken heads and contains 11 fertilizer facilities which are also sources of ammonia emissions. The 
concentrated animal feeding operations (CAFOs) are located to the southwest and north of the site, 
hosting ~64,000 swine heads and ~590,000 chicken heads and ~43,000 swine heads and ~1,310,000 
chicken heads, respectively. The estimated ammonia emissions from swine and chicken feedlots in this 
area are 1.8 Gg year–1, accounting for 5.5% of Jeollabuk-do's total ammonia emission or 0.6% of the 
country's total ammonia emission (Top 3: agriculture > manure treatment > swine and chicken feedlots 
(Gimje-si)). The cropland site is located in Seongdeok-myeon, Gimje-si (35.81º N, 126.79º E), Jeollabuk-
do, Korea, and is surrounded by cultivated areas such as rice paddies. The area has a high density of rice 
paddy fields and is the largest contributor of ammonia emissions from fertilizer use in Jeollabuk-do, 
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ranking 4th in the country. The Arctic site is in the Zeppelin Observatory which is located in Ny-
AlesundÅ lesund, Svalbard, Norway (78.54º N and 11.53º E). The site is elevated approximately 474 m 
above sea level. This site is positioned a few kilometers away from a small scientific village and is located 
at the northernmost point of the warm Atlantic inflow within the west Spitsbergen current.  

CONCLUSIONS 

 

Figure 1. Comparison of J and GR during NPF event days among sites.  

 

The highest NPF occurrence frequency was observed at agricultural (livestock) site in summer even with 

high CS and temperature, compared to urban, agricultural (cropland), and arctic sites, due to the highest 

source rates of ammonia and other gases emitted from pig and chicken farms. The lowest GR and J were 

observed at the Arctic site with the least condensable vapors, but the ratio of other condensable vapors to 

H2SO4 was the highest at the Arctic site, suggesting the importance of biological organic vapors in the 

Arctic NPF.  
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INTRODUCTION 

Particulate matter (PM) is one of the greatest risks to human health and the environment. PM is emitted 

into the atmosphere via a series of different emission pathways, both anthropogenic and natural and is 

comprised of a series of different elements and compounds varying in size, morphology and chemistry 

(Groma et al. 2022; de Jesus et al. 2019; World Health Organization 2021; Gong et al. 2016). Most 

commonly quantified using gravimetric mass estimates fails to identify the chemical and elemental 

properties of PM (O’Connor et al. 2014).  Most studies also use data collected from fixed monitoring 

stations which are well known to underestimate commuter exposure (O’Connor et al. 2014; Kaur, 

Nieuwenhuijsen, and Colvile 2005) These methods are therefore limiting in providing an accurate 

assessment of personal exposure to PM, impacting contributions to policy initiatives like traffic calming 

measures to mitigate this hazardous air pollutant. A series of mobile monitoring campaigns were devised 

to collect ambient particulate along a customised route to understand the potential impact of road dust and 

exhaust emissions on personal exposure. 

METHODS 

A 5km walking route was devised through Central Auckland covering roads of differing traffic intensities 

and land uses. Using a small vacuum pump, samples were collected onto PTFE filters. Total sample volume 

was recorded, and blanks were collected for quality assurance purposes. Samples were then analysed using 

a combination of x-ray fluorescence (XRF) and Raman spectroscopy (RS).  

RESULTS & DISCUSSION 

XRF analyses indicated the presence of soil components (Al, Si, Fe), sea salt (Na, Cl) and heavy metals 

(Cr, Fe, Co, Ni, As, Mo, Cd, Sn, Sb, Ba). RS identified carbon black and diesel soot along with the presence 

of other chemicals. Peak fitting of carbonaceous soot particles exhibited differing intensities within the D 

and G bands, revealing the presence of soot particles of different crystallinities. RS coupled with XRF 

provided a powerful technique to identify ambient particulate’s elemental and chemical composition from 

a series of mobile monitoring campaigns. Such studies allow for the continued characterisation of ambient 

particulate to contribute to toxicology studies and policy initiatives to mitigate the impacts of air pollution.   
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INTRODUCTION 

 
Ice crystal formation in mixed-phase and ice clouds plays an important role in the physical processes that 
subsequently control the cloud lifetime, precipitation formation, and Earth’s radiative balance. Formation 
of ice in mixed phase clouds (MPCs) strongly depends initially on the presence of aerosols, specifically 
ice nucleating particles (INPs), which facilitate freezing by lowering the energy that needs to be overcome 
for the formation of a critical ice embryo. In the mixed-phase cloud regime, heterogeneous nucleation is 
the primary ice nucleation process, as opposed to homogeneous nucleation that occurs readily at 
temperatures < -38 ºC, and depending on the environmental conditions and INP composition, can proceed 
via a number of different nucleation pathways (Kanji et al., 2017; Vali et al., 2015). Because coincident 
collection of INP data along with cloud microphysical measurements has been so rare, only limited 
comparisons have been possible to explore the consistency or lack thereof between INP concentrations 
and ice crystal concentrations in clouds. Finding agreement between INPs and initiation of ice crystals by 
primary nucleation processes in convective MPCs is further complicated due to the occurrence of 
secondary ice processes (SIP) proceeding through various mechanisms (Field et al., 2017). Unfortunately, 
most models oversimplify SIP leading to large uncertainties in the simulated evolution of the ice phase. 
Here we report on targeted measurement campaigns that collected data on INPs at the surface, as well as 
making airborne measurements of both INPs and ice crystal concentrations in cumulus congestus clouds 
over the Central Great Plains and the Gulf Coast of the United States of America. These data allow for 
comparison of INP concentrations with in-cloud ice crystal concentrations to deduce whether SIP was 
active. 
 

METHODS 
 

Airborne observations used in this study were obtained aboard the NSF-NCAR Gulfstream-V (GV) 
aircraft in May and June of 2021 during the Secondary Production of Ice in Cumulus Experiment 
(SPICULE) campaign over the Central Great Plains and aboard the National Research Council Canada 
(NRC) Convair-580 aircraft in May and June of 2022 during the Experiment of Sea Breeze Convection, 
Aerosols, Precipitation and Environment (ESCAPE) campaign in the Houston metro area. For both 
studies, ice nucleation measurements were obtained through two methods. Real-time observations were 
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made using the Colorado State University (CSU) continuous flow diffusion chamber (CFDC) (Barry et 
al., 2021; Rogers, 1988) to provide high-resolution INP measurements in the immersion freezing mode. 
Offline measurements of INPs activating via immersion freezing were made using the CSU Ice 
Spectrometer (IS) from suspensions of aerosol particles in pure water following collections on 
polycarbonate membrane filters in inline filter units (sampling from the same ambient inlet as the CFDC) 
(Barry et al., 2021). While CFDC measurements recorded INP concentrations at one temperature at a 
time, IS measurements provided temperature spectra of INP concentrations, integrated over a ~20-min 
sampling interval. CFDC sampling during SPICULE and ESCAPE occurred through different methods 
when in vs. out of cloud. During SPICULE ambient, clear-air sampling used the HIAPER Modular Inlet 
(HIMIL) in the boundary layer (BL) and out-of-cloud, and a similar isokinetic inlet was used during 
ESCAPE. For in-cloud measurements during both campaigns, sampling was instead downstream of a 
counterflow virtual impactor (CVI; Twohy et al., 1997) inlet, which selectively captures cloud 
hydrometeors. The flow containing the remaining residual aerosol particles after cloud particle 
evaporation was sent to the CFDC for detection of INPs. Ground-based INP measurements were collected 
during ESCAPE as part of the US Department of Energy’s Tracking Aerosol Convection Interactions 
Experiments (TRACER) campaign, which had intensive operations around Houston during the same time 
as ESCAPE. Open-faced filters were collected at the location of the first ARM Mobile Facility (AMF1) in 
Laporte, TX and processed identically to the filters collected on the aircraft, to obtain INP spectra. 
Multiple flights during ESCAPE were designed to fly near or directly over the Laporte site for direct 
comparison of INP observations between the surface and aloft.  
  
During both the SPICULE and ESCAPE campaigns, cloud microphysical data were collected on the GV 
and Convair-580 and additionally aboard the Stratton Park Engineering Company (SPEC Inc.) Learjet 
which flew in coordination with the GV and Convair-580. The Learjet typically probed supercooled cloud 
levels at the tops of ascending cumuli while the other aircraft captured sub-cloud and warm-phase cloud 
data. Cloud hydrometeors were measured aboard the Learjet using a suite of instruments including the 
Cloud Droplet Probe (CDP), a two-dimensional stereo probe (2DS), and the High-Volume Precipitation 
Spectrometer (HVPS). This suite measures the complete range of cloud hydrometeor sizes, from 3 µm up 
to several centimeters. Ice crystal number concentrations during SPICULE cloud passes were estimated 
by analyzing the high-resolution images from the cloud imaging probe (CPI) on the Learjet and 
separating the composite size distributions from all hydrometeor probes into the liquid and ice phases, 
similar to methods employed by Lawson et al. (2017, 2022). 
 

RESULTS 
 

In this section, we will present selected results from the campaigns described above. INP concentrations 
at various temperatures, as measured by the CFDC are shown in Figure 1 for each of the ESCAPE 
research flights, and generally show concentrations between 1 and 100 L-1 in the temperature range –18 to 
–34 ºC. There was also a fairly wide range in INP concentrations, more than a factor of 10, during each 
flight. Additionally, during the last four flights of ESCAPE, a strong Saharan dust intrusion was observed, 
denoted by the tan shaded region in Figure 1, which was reflected in the large increase in INP 
concentrations, especially for temperatures below -20 ºC. Saharan dust is known to possess effective ice 
nuclei at temperatures below -20 ºC (DeMott et al., 2003), and was present throughout much of the BL 
and aloft, as observed in independent aerosol measurements. INP spectra during the dust intrusion showed 
strong log-linear increases as temperatures decreased from ~-20 ºC down to -30 ºC.  Similar behaviors 
were observed in the IS spectra (not shown) from samples obtained at the surface at the AMF1 site, those 
obtained from flights in the BL, and those observed at higher altitudes, indicating INP concentrations are 
consistent throughout the lower troposphere and would likely be ingested into the clouds forming in these 
air masses.  
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In Figure 2, we present results from the SPICULE campaign comparing ice crystal concentrations in the 
cold phase region of a cumulus congestus cloud to INP concentrations. Figure 2a shows the estimated ice 
crystal concentration and size distribution from a cloud pass in the Learjet during RF08 of SPICULE. The 
GV and Learjet penetrated the same cloud within a minute of each other, but at different vertical levels, at 
~11k and 23k ft, respectively. Figure 2b shows the estimated ice concentrations during the Learjet cloud 
pass overlaid on the INP temperature spectra from the filters collected in the BL, and the CFDC 
measurements on the CVI. Strong agreement is observed between -17 ºC and -20 ºC in the ice 
concentrations and the number of INPs observed by both the CFDC and from one of the BL filter samples 
during this particular cloud pass, indicating the likelihood that the aircraft were observing the cloud soon 
after primary ice nucleation. In contrast, analyses of additional cloud passes during other research flights 
in SPICULE (not shown) showed disagreement between ice crystal and INP concentrations, suggesting 
that SIP were active.  

 
Figure 1. Time series of the number of INPs measured by the CFDC during ESCAPE. The colored markers denote 
the temperature of the CFDC column during collection, circles indicate sampling on the isokinetic inlet in clear sky 
conditions, and diamonds indicate sampling on the CVI during cloud passes. The tan shaded region indicates the 
period during the Saharan dust intrusion into the sampling region.  
 

 
Figure 2. (a) Composite size distributions from the Learjet separated into the liquid (blue line) and ice phase (red 
line) from a cloud pass during SPICULE RF08 and (b) cumulative INP concentrations as a function of temperature 
from IS filters 1 and 2 collected in the BL (red and blue markers, respectively) and from the CFDC (light blue 
markers) during the same SPICULE flight. The estimated ice concentrations from (a) is also shown at the ambient 
temperature during the Learjet cloud pass, and denoted by the yellow marker.  

 
CONCLUSIONS 

 
This study used both ground-based and airborne observations of INP concentrations and cloud 
microphysical properties to provide insight into the vertical distributions of INPs and their role in the ice 

a) b) 
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phase of convective clouds. The wide variability in INP concentrations during both the SPICULE and 
ESCAPE flight campaigns illustrates the difficulty in constraining and parameterizing INPs in convective 
environments. Good agreement between ground and airborne INP concentrations showed that for the case 
presented, INPs appeared to be well mixed in the lower atmosphere and could be readily ingested into 
convective clouds. The dataset also enabled comparison of ice crystal concentrations in convective clouds 
to INP concentrations collected in the BL which was used to help elucidate whether and when primary or 
secondary ice processes were occurring. Modeling of emissions of INPs from their source regions and of 
their transport to locations where they can nucleate ice in clouds remains a difficult task. The observations 
from SPICULE and ESCAPE may help play a role in improving the understanding of the distribution of 
INPs in the lower troposphere and their role in primary and secondary ice processes in numerical 
simulations, leading to better prediction of precipitation and Earth’s radiative balance.  
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INTRODUCTION

Even though marine aerosols can play an important role in regulating the climate, most aerosol
measurements are from continental sites. Coastal regions are of particular interest, since they are
highly productive and at the same time heavily impacted by human activities. The Baltic Sea is a
good example, with a long history of eutrophication and with a complex coastline with high habitat
and species diversity. Nevertheless, the role of the Baltic Sea in general and the coastal zones in
particular for aerosol formation and thus climate is poorly understood. Earlier work has shown
that coastal areas can act as hotspots for new particle formation (NPF) through emissions of iodine
species from macroalgae (He et al. 2021; McFiggans et al. 2004). In the Baltic Sea, cyanobacterial
blooms have been shown to influence NPF (Thakur et al. 2022) and emissions of greenhouse gases
in coastal areas have been shown to be highly variable both seasonally and between habitat types
(Roth et al. 2022). Connecting the coastal emissions to aerosol formation is therefore of importance
for understanding and for mitigating climate change.

The recently founded Centre for Coastal Ecosystem and Climate Change Research (CoastClim)
connects expertise in atmospheric sciences, marine biogeochemistry and marine ecology to under-
stand how the state of the Baltic Sea is connected to the climate. Part of this effort is focused
on understanding how emissions of different chemical species from the sea surface influence aerosol
formation and thus the climate. To achieve this, we have established extensive aerosol and air
chemistry measurements at the southern coast of Finland. Here, we present first results from
these measurements with a focus on aerosol formation, compare the data to similar data from the
Hyytiälä Forestry Station in southern Finland and connect it to marine biological processes by
investigating the relationship between the smallest negative ions and CO2 fluxes.

METHODS

Permanent atmospheric measurements were started at Tvärminne Zoological Station, on the south-
ern coast of Finland in 2022 (Fig. 1). So far we have installed a Neutral Air cluster and Ion Spec-
trometer (NAIS, S. Mirme and A. Mirme 2013) and a Particle Size Magnifier (PSM, Vanhanen et al.
2011) to study the smallest aerosols and during 2023 we will install a Differential Mobility Particle
Size (DMPS) and an Aerodynamic Particle Sizer (APS) to extend the aerosol size distribution mea-
surements up to 20 µm. In addition to aerosol measurements, we are conducting comprehensive
measurements on air chemistry to understand the chemical precursors of aerosol particles and the
connection of these precursors to the state of the Baltic Sea. To study the chemical composition of
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molecular clusters that can form aerosols, we use an Atmospheric pressure interface time of flight
mass spectrometer (APi-TOF) with a Multi-scheme chemical ionization inlet (MION, Rissanen
et al. 2019) using both nitrate and bromide ionisation as well as measuring ambient anions. Ad-
ditionally, in summer 2022 we performed a campaign with a Vocus PTR-TOF mass spectrometer
(Krechmer et al. 2018) to study the volatile organic compounds emitted from the sea. In addition
to these instruments, our measurements include basic trace gases (CO, O3, SO2, NO, NO2), CO2

fluxes measured using eddy covariance and basic seawater properties such as salinity, temperature,
pH, chlorophyll-a and coloured dissolved organic matter. With these comprehensive measurements
and supporting campaigns, involving characterization of biodiversity, we aim to understand how
the Baltic Sea will interact with the climate.

Figure 1: Map of the locations of the Tvärminne Zoological Station (TZS) and the Hyytiälä Forestry
station (HYY).

To obtain a first impression of the importance of aerosol formation at Tvärminne and to understand
how the coastal environment differs from the boreal forest, first we focus on the NAIS data and
compare it to NAIS measurements from the Hyytiälä Forestry station, located 235 km northeast
from Tvärminne (see Fig. 1). For this we use data measured between 25.2.-11.4.2022 and 31.5.-
8.10.2022 from both stations and focus on NPF events. To understand the origins of the events,
we used 72 h air mass back trajectories from the HYSPLIT model (Rolph et al. 2017; Stein et al.
2015). Furthermore, we study the differences in concentrations of small ambient ions over land and
over the sea and connect these ions to biological activity in the sea using CO2 fluxes.

RESULTS AND DISCUSSION

During the time when NAIS data is available for Tvärminne, we observed NPF events on 9.9%
of the days for Tvärminne and 8.7% of the days for Hyytiälä. Even though the event frequencies
are similar, only one third of the events occur on the same days at both stations. Figure 2 shows
particle size distributions for one of the days when a clear NPF event was observed at both stations.
During this day, the air mass back trajectories had crossed first over the Baltic Sea from the west
and then over Southern Finland. This means that these events occurred likely over land. Future
work will look deeper into the events observed at Tvärminne and focus on coastal air masses.

Comparing concentrations of ions and particles in different size ranges at the two stations showed
that the differences in concentrations between Hyytiälä and Tvärminne were smaller than differ-
ences between two different instruments in Hyytiälä, so no definitive conclusions of the comparison
could be made yet. On the other hand, comparing the concentrations of negative ions in different
size ranges in Tvärminne when the wind direction was either from land (> 250◦ or < 90 ◦) or from
the sea (90-250◦) showed interesting results. In size ranges <2 nm, 2-3 nm and 2-4 nm, negative
ion concentrations were statistically significantly higher in coastal air compared to continental air
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Figure 2: An example of particle size distributions measured in a) Tvärminne and b) Hyytiälä on
3 March 2022 .

where as for larger 3-6 nm negative ions no significant difference was observed (Fig. 3). The dif-
ference was largest for the sub-2 nm range, which had 20% higher ion concentrations in coastal air
compared to continental air.

Figure 3: Concentrations of negative ions in different size ranges when the winds are coastal or
crossing over land. The boxes show the medians and 25th and 75th percentiles.

To further understand how aerosol formation is connected to biological processes at the coast, we
compared concentrations of the smallest negative ions to CO2 fluxes. Here we used data from March
2022 to January 2023. This work showed that in coastal air there is a weak positive correlation
between the CO2 flux and sub 2 nm ions (Spearman correlation coefficient 0.2, p << 0.01). This
could indicate that when the Baltic Sea is emitting CO2 it is also emitting other gases that act
as aerosol precursors. No similar positive correlations were observed in the larger size ranges or in
continental air.

Our future work will aim to identify the composition of these ions by using MION data. This way
we could understand what chemical species the biological processes in the Baltic sea are emitting
and how this connects to aerosol formation. We will also use air mass back trajectories to quantify
the time that the air mass has spent around the coast before reaching the station to make our
analysis more quantitative.

CONCLUSIONS

A new permanent atmospheric measurement station has been set up at the Tvärminne Zoological
station at the Baltic Sea coast as a part of the CoastClim project. With these measurements we
aim to understand how the Baltic Sea and its ecosystem state can interact with climate. The
preliminary results show that aerosol concentrations at the station are similar to those observed
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at the Hyytiälä Forestry Station and new particle formation frequencies at the two stations are
similar. We also showed that air coming from the sea has higher concentrations of sub-4 nm ions
and that sub-2 nm ions have a positive correlation with CO2 fluxes over the sea, indicating a
possible marine source for these ions. Our future work will investigate the effect of coastal sources
on aerosol formation and its chemical precursors.
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K., Norkko, A., Kulmala, M., Sipilä, M., & Jokinen, T. (2022). An evaluation of new particle
formation events in helsinki during a baltic sea cyanobacterial summer bloom. Atmospheric
Chemistry and Physics, 22 (9), 6365–6391. https://doi.org/10.5194/acp-22-6365-2022
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INTRODUCTION 

 
Biogenic emissions of volatile organic compounds facilitate aerosol formation and growth in the boreal 
environment. This phenomenon is regional, and with ground-based observations the formed aerosols are 
observed to reach sizes where they are large enough to contribute to Cloud Condensation Nuclei (CCN) 
concentrations (Kerminen et al. 2012). At the same time, evapotranspiration from the land and biosphere 
increases the amount of water vapour available for formation of clouds and precipitation. While these 
processes are typically driven by meteorological conditions and synoptic weather systems, it is plausible 
that the biogenic secondary aerosols can affect cloud droplet formation in a critical manner if they are 
transported into the cloud layer. 
 
The boreal forest provides an ideal locale to study biosphere-atmosphere interactions, aerosol and cloud 
microphysical processes in a biogenically dominated environment. The key infrastructure is Station for 
Measuring Ecosystem – Atmosphere Relations, SMEAR II (Hari and Kulmala, 2005) in Hyytiälä, Finland, 
where biosphere-aerosol-cloud-climate research has been conducted during the last twenty years. The 
existing work has identified a connection between the aerosol particles formed from the gaseous precursors 
(Kulmala et al. 2013) and their subsequent growth to CCN sizes (Kerminen et al. 2012), as observed at the 
ground level. Tunved et al. (2006) showed that the long-term data from a fixed measurement site in a boreal 
environment can be represented in such a way that each measured data point represents a certain exposure 
time to biogenic emissions during transport to the observation site. In practice, for SMEAR II this can be 
simplified to a residence time over land because the surrounding terrestrial region is dominated by the boreal 
forest. In this work, we summarize recent findings connecting biosphere-atmosphere interactions and 
aerosol-cloud-precipitation interactions in the boreal environment.  
 

RESULTS AND DISCUSSION 
 
Biogenic Aerosols – Effects on Clouds and Climate (BAECC, Petäjä et al. 2016) was an intensive eight-
month campaign in Hyytiälä, Finland. It provided unique ground-based remote sensing data to explore 
aerosol-cloud interactions. We applied the time-over-land concept to this data set. In the analysis we 
concentrated on clean, Arctic air masses arriving to Hyytiälä predominantly from North-West direction, 
where the influence of anthropogenic sources was minimal. Petäjä et al. 2022 showed that there was a clear 
difference in physical, chemical, and optical character of aerosol particles at the surface, when comparing 
fast and slow moving airmasses, which were exposed short or extended times, respectively, to biogenic 
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emissions from the boreal forest. With the aid of ground-based remote sensing, we were able to confirm that 
the influence of time-over-land difference was visible in the aerosol population not only at the surface level 
but throughout the boundary layer. Furthermore, we expanded the analysis to the properties of clouds with 
radars. In order to differentiate the meteorological impacts to cloud properties, we studied only non-
precipitating liquid clouds. We showed that these clouds in the slow-moving air masses tended to have 
higher cloud droplet number concentrations than in the fast moving air masses. For the first time, Petäjä et 
al. (2022) was able to show with observations that the newly formed secondary organic aerosol particles in 
fact influenced the cloud properties in the boreal environment. 
 
We expanded the analysis with long-term observational data available from the SMEAR II station. Räty et 
al. (2022) utilized more than ten years of data from the site and applied the time-over-land concept to the 
data set. The results confirmed the differences between the rapid and slow air masses in their aerosol 
characteristics. Furthermore, we were able to show that also the precipitation intensity was influenced by 
the biosphere-atmosphere interactions.  
 
The work of Yli-Juuti et al. (2021) explored the role of warming climate to aerosol-cloud interactions. Their 
results showed that the warmer summers typically had larger organic aerosol mass concentrations and the 
satellite-derived cloud albedo was higher than the values obtained during cooler summers. Putting this into 
perspective, the warmer summers are a proxy for the future conditions in the boreal environment. Therefore, 
the warmer climate seems to lead to higher biogenic volatile organic emissions, organic aerosol mass 
concentrations, and consequently higher cloud condensation nuclei concentrations. This will decrease the 
cloud effective radius while the clouds tend to be thicker. Overall, the satellite-derived data indicates higher 
cloud albedo as the function of warming. Such cooling feedback could help to slow down climate change.  
 
As a summary, biospheric emissions of volatile organic compounds and their atmospheric processing first 
to condensable vapors and then to new aerosol particles is a relevant feature contributing to the properties 
of clouds and likely also spatial variability of precipitation on a continental scale. It is crucial to maintain 
the comprehensive observational capacity (in-situ, ground-based and satellite-borne remote sensing) in 
order to better understand the feedbacks and interactions on a continental scale. The historical data will 
provide benchmarking opportunities for the new data. Overall, the combination will be critical in assessing 
the impact of climate change to the emissions, aerosols and clouds.  
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Open biomass burning, such as wild and prescribed fires, is a significant source of aerosols to the 

atmosphere, greatly influencing both climate and human health. These biomass burning particles evolve in 

both size and composition within the smoke plumes, affecting the particles’ abilities to act as cloud 

condensation nuclei, interact with radiation, and impact climate. However, this particle evolution differs 

between fires, being strongly influenced by aerosol mass concentrations in the plumes. Aerosol mass 

concentrations in a plume of a small fire (think agricultural field) will dilute to <1 µg m−3 in seconds or 

minutes due to the short dilution length scale. On the other hand, the PM in large wildfires may remain 

>100 µg m−3 or even >1000 µg m−3 for hours or days. How does this wide range of concentrations 

influence the aerosol chemical and physical processes, and how does it affect the evolving size 

distribution?  

In this talk, I will show recent results that use measurement from recent biomass burning field 

campaigns (FIREX-AQ, WE-CAN, BBOP) with plume and 3D models to understand the roles of fire size, 

initial concentrations, and dilution rates on the evolution of biomass burning aerosol size and composition. 

Particles in plumes that maintain high concentrations (high initial concentration with slow dilution) grow 

to larger sizes but are less oxidized than particles in dilute plumes. I will also show how accounting the 

concentration/dilution-controlled evolution in climate models can greatly change the estimated aerosol 

direct and indirect effects of biomass burning aerosol. 
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INTRODUCTION 

 

Atmospheric aerosols significantly affect visibility, air quality and climate. Exposure to atmospheric 

aerosols has been associated with increased cardiopulmonary mortality and morbidity(Pye et al., 2021; 

Daellenbach et al., 2020). Directly emitted hydrocarbon components are referred to as primary organic 

aerosol (POA) and secondary organic aerosols (SOA) can be formed via gas-phase reactions and the 

subsequent condensation of semi-volatile vapour, as well as by multiphase and heterogeneous processes. 

 

SOA accounts for as much as 50 – 90 % of the total organic aerosol (OA) burden and has recently 

received much attention. Moreover, SOA also contributes importantly to the Earth’s radiation balance 

through its absorption and scattering of solar radiation and by altering cloud microphysical properties 

since it contains not only colorless carbon, which merely scatters light, but also colored carbon, which can 

absorb light(Pani et al., 2021).  

 

However, the quantification of SOA sources and/or pathways and the climatic effect of SOA are more 

challenging mostly due to poor understanding and measurement of the SOA species, consisting of 

thousands of multifunctional, oxygenated species to a highly varing degree and including high molecular 

weight species and oligomers. Limitations in SOA source apportionment are tied directly to limitations of 

the measuring instruments nowadays around the world, which either involve thermal decomposition, or 

have low time and mass resolution. In consequence, the exact SOA sources and PM chemical composition 

along with its mass concentrations at molecular level for predicting the overall health impacts associated 

with aerosol exposure remain unknown at present. 

 

In the present study, we use field observations to derive the brown carbon optical properties and OP 

parameters impacted by SOA sources. We demonstrate that the SOA contributions to BrC and OP are both 

considerable and strongly source-dependent. These results highlight the urgent need for source-based 

treatments of SOA in addressing aerosol impacts on climate and human health. 

    

METHODS 

 

Measurements were performed from 26 January to 20 February 2021 (covered the Chinese New Year, 

CNY) at the Tower Site of the Institute of Atmospheric Physics (IAP). The site is located between the 
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third ring and the forth ring roads in northern Beijing, surrounded by residential infrastructure and is 

characterized as an urban background site. 

 

Here we utilize the recently developed extractive electrospray ionization (EESI) inlet, coupled to both 

high-resolution time-of-flight and ultra-high resolution orbitrap mass spectrometries (EESI-LTOF and 

EESI-Orbitrap, respectively), to elucidate wintertime SOA sources/pathways in Beijing, China. EESI-

based instruments provide highly time-resolved measurements of organic molecules without thermal 

decomposition, overcoming the measurement based obstacles described above. Combined with co-located 

aerosol mass spectrometer (AMS) measurements and advanced source apportionment techniques, this 

allows identification and quantification of key SOA (and other OA) sources and processes. 

 

RESULTS AND DISCUSSION 

 

 
Figure 1. Time series of chemical species (NH4

+-, NH3), liquid water content (LWC), AqSOA chemistry, 

AqSOA_AMN chemistry and MABB pathways.  

 

 

The measurement period includes three high pollution episode (denoted Ep. 1, Ep. 2, and Ep. 3; see Fig. 

1), featuring strong contributions of secondary aerosol, with SOA comprising ~80% of OA in all events. 

Traditional source apportionment analysis utilizing only an aerosol mass spectrometer (AMS) would 

suggest these events to be similar. However, we here combine with measurements by an extractive 

electrospray ionization mass spectrometer (EESI-MS), which greatly improves the chemical resolution at 

molecular level, enabling identification of specific sources and processes. 

 

The EESI-MS-based SOA source apportionment reveals that the three high pollution events are in fact 

quite dissimilar. This is summarized in Fig. 1, which shows the time series of three key factors resolved 

from source apportionment, together with supporting data. These factors include aged biomass burning 

(MABB), a factor related to aqueous-phase SOA production characterized by small, highly oxygenated 

molecules (AqSOA), and a second aqueous-derived factor with enhanced concentrations of N-containing 

molecules consistent with imidazoles (AqSOA_AMN). The different temporal behaviour of these factors 

largely defines the differences in the pollution episodes. Specifically, Ep. 1 is driven by a mix of aqueous-

phase oxidation and aged biomass burning emissions, Ep. 2 is dominated by aged biomass burning, and 

Ep. 3 is driven by aqueous chemistry influenced by high levels of particulate ammonium and gaseous 

ammonia. As shown in Fig. 1, AqSOA correlates with aerosol liquid water content (LWC), whereas 

AqSOA_AMN is related to both LWC and high concentrations of particle-phase NH4
+, gaseous NH3, or 
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both. This is consistent with imidazole formation, which can occur from aqueous reactions of glyoxal in 

the presence of NH4
+-containing seed. 

 

SOA source apportionment results were analysed in conjunction with online measurements of brown 

carbon and dithiothreitol-based oxidation potential (OPDTT). The MLR analysis of the SOA source results 

against BrC suggest that AqSOA-AMN is strongly light absorbing, consistent with products such as 

imidazoles. Indeed, the aged biomass burning-driven Ep. 2 and the NH3/NH4
+- mediated Ep. 3 show 

similar contributions to BrC, while Ep. 1 is much lower. Ep. 3 also exhibits far higher OP than either Ep. 1 

or Ep. 2, both in terms of total OP and on a per mass basis. This highlights the implications of NH3/NH4
+- 

mediated aqueous chemistry for climate and health.   

 

CONCLUSIONS 

 

We find that the differences in SOA composition and production pathways between these high pollution 

events considerably alter the associated radiative impacts and health risks. More generally, our results 

highlight the shortcomings of treating SOA as a bulk or non-source-specific quantity. Determining the 

sources and pathways drives the effects of OA on climate and health. This highlights the need for source-

specific treatments of SOA in air quality studies and policy design. 
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INTRODUCTION 

Secondary particles contribute significantly to the cloud condensation nuclei (CCN) budget and therefore 
can impact the climate. Many chemical processes can be involved in new particle formation (NPF), and they 
depend on gases that are either emitted locally or transported. Antarctica remains the most pristine place on 
Earth due to the lack of direct anthropogenic emissions which make it the best place to study atmospheric 
processes that occurred before the industrial era.  The Marambio station (64°14’S, 56°37’W) is located 
North of the Antarctic Peninsula and is characterized (1) the absence human activity - else than the station 
maintenance, (2) the total lack of land vegetation, (3) the influence of the marine ecosystem surrounding the 
island – either from the Southern Ocean or from the Weddell Sea. Herein, we are presenting our imminent 
measurement campaign on aerosol and their gas precursors from Dec. 2022 to ~Apr. 2023 at the Marambio 
station. This campaign occurring along the austral summer highlights the different synoptic and chemical 
processes occurring with the ice state, the bird-breading season, and the blooming ocean.  

METHODS 

Supported by pernanent measurement of aerosol size distribution (Differential Mobility Particle Sizer – 
DMPS, University of Helsinki and Neutral Cluster and Air Ion Spectrometer – NAIS, Airel Ltd.), 
meteorological parameters, and collections of particles onto filters for offline chemical composition 
characterisation, this season deployment targets multiscale processes from (1) NPF-precursor identification, 
(2) chemical characterisation of the aerosol phase, (3) cloud droplets and the CCN evaluation and (4) ice 
nucleation particles (INP) quantification.  

Specifically for the gas phase, a multi-scheme ionization (MION, Kärsä Oy.) atmospheric pressure interface 
time of flight (APi-TOF, Tofwerk) mass spectrometer will be set to measure precursor gases such as sulfuric 
acid, methane sulfonic acid, iodic acid or possibly highly oxygenated organic compounds and ammonia 
concentration will be measured with a quantum cascade tuneable infrared laser differential absorption 
spectrometer (QC-TILDAS, Aerodyne Inc.). Additionally, the chemical composition of the particle will be 
characterized with an aerosol chemical speciation monitor (ASCM, Aerodyne Inc.). The potential CCN will 
be estimated with a cloud condensation nuclei counter (CCN-100, Droplet Measurement Technologies) with 
several supersaturation ratio while the quantification of INP will be determined using cold stage analysis 
particles collected on filters. The cloud droplet number size distribution in the cloudy atmosphere will be 
measured online with a cloud droplet analyser (CDA, Palas GmbH).  
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Figure 1. Instrument deployment at Marambio station for the Austral summer campaign 2022-2023. The 
instrumentation will cover multi-phase processes from new particle formation to cloud droplet stage, 

including the detection precursor vapours, atmospheric clusters, aerosol particle up to CCN sizes. 

  

CONCLUSION 

We aim to present this on-going work that promises an irrefutable assessment of NPF mechanism in the 
Antarctic peninsula region that would complete the previous work done by Quéléver et al. (2022) and Brean 
et al. (2021) who concluded on a significant role of amine and ammonia - that will now be quantified. Beside 
a comparison with Quéléver et al. (2022) on NPF mechanistic in the same place and same season, this 
deployment period extends to the melting onset and terminates after the refreezing possibly catching 
additional processes that can trigger new NPF (e.g., Sipilä et al 2016). Finally, with measurement of the 
aerosol size distribution up to CCN sizes, we assess the significance of the secondary aerosol particles to 
climate where even small changes in particle population can result in significant climate impact for clouds 
and the cryosphere.  
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INTRODUCTION

Arguably, the main challenge of nucleation theory is to accurately evaluate the work of formation
of the critical embryo of the new phase. Since the nucleation rate depends exponentially on this
quantity, a small error will cause the predicted nucleation rate to deviate by orders of magnitude
from experimental results or simulations. In Classical Nucleation Theory (CNT) this work of
formation is estimated using the capillarity approximation, which relies on the value of the planar
surface tension. For pure fluids, CNT is qualitatively correct. However, it does not account for
the expected vanishing of the nucleation barrier at the spinodal, and the predicted rates show
systematic deviations from experiments, with errors reaching 20 orders of magnitude for the simple
case of argon condensation (Iland et al., 2007).

The capillary approximation has been blamed for the large discrepancies between predictions from
CNT and experiments. Thus, the incorporation of curvature corrections to the surface tension
seems one of the most promising routes to solve the problems of CNT. The second order curvature
expansion of the surface tension in terms of the curvature 1/R

γ(R) = γ0 − 2γ0δ/R+ ks/R
2 (1)

is called the Helfrich expansion, where the coefficients of the first- and second-order corrections are
given by the Tolman length δ and the rigidity constant ks, respectively.

Recently, it was shown how the Tolman length and rigidity constants can be calculated by using
Density Gradient Theory (DGT) (Wilhelmsen et al., 2015; Wilhelmsen et al., 2015b; Aasen et
al., 2020) or Density Functional Theory (DFT) (Blokhuis and van Giessen, 2013). Incorporating
this expansion into CNT, one obtains a curvature corrected expression (c-CNT) for the work of
formation of critical clusters (Aasen et al., 2020)

Wc-CNT ≈ 4πγ0R
2
CNT

3

(
1 − 6δ

RCNT

)
+ 4πks, (2)

where RCNT = 2γ0/∆P is the CNT prediction for the radius of the critical cluster.
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This c-CNT has been shown to significantly improve agreement with experimental results for wa-
ter (Wilhelmsen et al., 2015). It has also solved some of the inconsistencies that arise when CNT
is extended to multi-component systems (Aasen et al., 2020).

In this work, we present a comprehensive study of the free energy of formation of critical clusters
of the Lennard-Jones fluid truncated and shifted at 2.5σ using Umbrella Sampling Monte Carlo
simulations, density gradient theory (DGT), and density functional theory (DFT). The aim was to
test the accuracy of classical nucleation theory (CNT) and curvature corrected CNT (c-CNT).

METHODS

For a spherical critical cluster, the work of formation is given by the formally exact relation (Gibbs,
1961)

W =
16πγ3

3(∆P )2
, (3)

where γ is the surface tension of the cluster with the surface of tension as dividing surface, and
∆P = P `(T, µ) − P v(T, µ) is the pressure difference of the (stable) bulk liquid and (metastable)
bulk vapor having the same intensive properties (T, µ). For CNT the nucleation barrier is obtained
by using the capillarity approximation, which assumes that the surface tension γ is the same as that
of the bulk liquid with a planar interface γ0. Accordingly, the ratio of the exact work of formation
of a spherical critical droplet to that of the CNT-approximation is

W

WCNT
=

(
γ

γ0

)3

. (4)

We have calculated the free energy of formation W for the Lennard-Jones fluid truncated and
shifted at 2.5σ using three different methods. First, we used density gradient theory with a constant
influence parameter chosen to reproduce the correct value of the planar surface tension. Second, we
used density functional theory based on a weighted density average approach (Sauer et al., 2011)
and the White Bear fundamental measure theory to model the hard sphere contribution (Roth
et al., 2002). For both DFT and DGT, the bulk behavior is governed by the PeTS equation of
state (Heier et al., 2018), and the density profiles are obtained by solving the corresponding Euler–
Lagrange equations. Finally, we have performed Umbrella Sampling Monte Carlo simulations to
calculate the free energy of critical droplets of the Lennard-Jones fluid truncated and shifted at 2.5σ
at two different temperatures: T = 0.625 and T = 0.900. Simulation results of (ten Wolde Frenkel,
1998) for a third intermediate temperature T = 0.741 were also included in our comparison.

Since the pioneering work of (McGraw Laaksonen, 1996) on scaling relations, there is increasing
evidence suggesting that the work of formation of critical clusters normalized by the CNT predic-
tion, f ≡ W/WCNT , may be a universal function of the degree of metastability, depending only
weakly on the temperature and of the details of the intermolecular potential. Accordingly, many
expressions for this scaling function f have been proposed in the literature.

In this work, we have formulated a new scaling function f(∆P ), using all the ingredients that we
know, namely (i) f(0) = 1, since CNT is expected to be valid at the binodal, (ii) the slope at the
binodal given by the Tolman length δ, (iii) the spherical rigidity ks, (iv) zero work of formation
at the vapor spinodal f(∆P v

sp) = 0 and (v) the liquid spinodal f(∆P `sp) = 0. An accurate scaling
function that satisfies these five conditions is a fourth-order polynomial in the Laplace pressure:

f(∆P ) =
(∆P − ∆P `sp)(∆P − ∆P v

sp)(1 + b∆P + c(∆P )2)

∆P `sp∆P v
sp

(5)
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Figure 1: Comparison of theories and simulations for T = 0.625 as a function of the Laplace
pressure ∆P , where the x-axes are delimited by the binodal on the left and the vapor spinodal on
the right. Helfrich coefficients were computed with DGT.

where

b =
−3δ

γ0
+

1

∆P v
sp

+
1

∆P `sp
(6)

c =
−(3b∆Pm + 2)∆Pm + (∆P `sp + ∆P v

sp)(2b∆Pm + 1) − ∆P `sp∆P v
spb

4(∆Pm)3 − 3(∆P `sp + ∆P v
sp)(∆Pm)2 + 2∆P `sp∆P v

sp∆Pm
(7)

The first two factors in the numerator of Eq. 5 warrant that the work of formation vanishes at
both spinodals. The coefficients of the parabolic third factor are obtained from the slope at the
binodal given by the Tolman length and the location of the maximum of the work of formation at

∆Pm =
2δγ20
ks

.

Fig. 1 compares the work of formation predicted from all theories considered in this work against
simulations for the temperature T = 0.625. We can observe that Eq. 5 accurately reproduces
results from simulations, DGT, and DFT. The same excellent agreement is observed at the all the
temperatures studied.

CONCLUSIONS

In this work, we have performed a careful analysis of the work of formation of critical clusters of
the truncated and shifted Lennard-Jones fluid at three different temperatures and a wide range of
pressures from the binodal to the spinodal.

We find that density gradient theory and density functional theory accurately reproduce molecular
simulation results of critical droplet sizes and their free energies. The capillarity approximation
grossly overestimates the free energy of small droplets. The incorporation of curvature corrections
up to second order with the Helfrich expansion greatly remedies this and performs very well for
most of the experimentally accessible region. However, it is imprecise for the smallest droplets and
largest metastabilities, since it does not account for a vanishing nucleation barrier at the spinodal.
To remedy this, we have proposed a scaling function for the nucleation barrier that incorporates
both the coefficients of the Helfrich expansion and the requirement of vanishing nucleation barriers
at the spinodals as corrections of CNT. The scaling function reproduces accurately the free energy
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of formation of critical droplets for the entire metastability range and all temperatures examined,
and deviates from density gradient theory by less than one kBT .

Our results suggest that c-CNT and the new scaling function constitute an accurate, yet simple
model to predict accurately nucleation rates and solve the limitations of CNT. Here, we have
confirmed this for the work of formation of droplets. However, the new scaling function is expected
to be equally accurate for bubbles, and could also possibly be extended to crystallization and
nucleation in multicomponent systems of interest in atmospheric processes. Thus, the proper
incorporation of curvature corrections and the location of the spinodals might open the door to
quantitatively accurate predictions of nucleation rates for other substances and a wide range of
problems of scientific and technological interest.
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INTRODUCTION 

 

Since large-scale production of plastics began in the 1950s, around 5 Gt of plastic waste has accumulated 

in landfills or the environment (Geyer et al., 2017). Plastics become brittle as they age and may break down 

to produce microplastics and nanoplastics, typically defined as particles 1–5,000 μm and <1 μm in size, 

respectively. Microplastics and nanoplastics are widespread contaminants in the atmosphere, where, due to 

their small size and low density, they can be transported with winds around the Earth (Allen et al., 2022). 

As a relatively recently discovered source of airborne particulate matter, little is known about the climate 

impacts of airborne microplastics and nanoplastics. They are hypothesized to act as ice nucleating particles 

and potentially as cloud condensation nuclei when aged, and thus may impact climate indirectly in remote 

and unpolluted regions (Aeschlimann et al., 2022). Here, we present calculations of airborne microplastics’ 

optical properties and direct radiative effects.  

 

 
 

Figure 1. Concentrations of airborne microplastics (MP) reported in previous studies. All studies relied on 

pumped air (active) sampling rather than deposition collection (passive sampling), and all studies confirmed 

polymer composition spectroscopically via either micro-Fourier Transform Infrared (µFTIR), micro-Raman 

(µRaman) or scanning electron microscopy-energy dispersive X-ray (SEM-EDX) spectroscopy. The mean 

and median concentrations are 638 and 2.9 MP m-3, respectively (Revell et al., 2021). 
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METHODS 

 

Typical airborne microplastic morphotypes, size distributions and compositions were summarized 

according to a literature survey (Revell et al., 2021). The optical properties of microplastic fragments and 

fibres, the two most common morphotypes, were calculated separately. Scattering and absorption cross-

sections, single-scattering albedos and asymmetry factors were calculated and weighted by the incoming 

solar spectrum to calculate integral properties in each spectral band. These were then used to prepare volume 

scattering, absorption coefficients, and asymmetry factors for use in the Hadley Centre Global Environment 

Model version 3 (HadGEM3). The absorption and scattering coefficients of microplastics were added to the 

model’s coefficients calculated for atmospheric gases, aerosols and clouds using HadGEM3’s EasyAerosol 

scheme. We assume a uniform surface concentration of 1 MP m-3: approximately the median concentration 

from previous studies (Fig. 1). However, to clearly isolate signal from noise, HadGEM3 simulations were 

performed using 100× scaling (i.e., a uniform surface concentration of 100 MP m-3: close to the mean 

concentration from Fig. 1) to clearly isolate signal from noise. Twenty-year simulations were performed 

with and without microplastics to calculate effective radiative forcing (ERF; Fig. 2).  

 

 

 

 
Figure 2. Global-, annual-mean ERF for non-pigmented microplastics, averaged over 20-year global climate 

model simulations for microplastic fragments and fibres (Revell et al., 2021). Microplastics are assumed to 

be present up to 10 km altitude with a surface concentration of 100 MP m-3. Also shown is a simulation in 

which microplastics are assumed to be in the boundary layer only (bottom 2 km of the atmosphere). Error 

bars indicate the 90% confidence interval. For comparison, the global- and annual mean radiative forcing 

due to aerosol-radiation interactions between 1750 and 2011 of seven aerosol components are included 

(Myhre et al., 2013).   
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CONCLUSIONS 

 

The ERF of airborne microplastics is computed to be 0.044 ± 0.399 mW m-2 in the present-day atmosphere 

assuming a uniform surface concentration of 1 MP m-3 and a vertical distribution up to 10 km altitude (Fig. 

2). However, there are large uncertainties in the geographical and vertical distribution of microplastics. 

Assuming that they are confined to the boundary layer, shortwave effects dominate and the microplastic 

ERF is approximately −0.746 ± 0.553 mW m-2. Compared with the total ERF due to aerosol–radiation 

interactions (−0.71 to −0.14 W m-2; Bellouin et al., 2020), the microplastic ERF is small. Uncertainties arise 

due to a current lack of data; the magnitude of ERF is influenced by the concentration of microplastics, and 

the sign is subject to uncertainties in the wavelength-dependent refractive index, which depends on 

properties such as composition and colour. Airborne microplastic pollution will become more severe in 

future—not only are microplastics durable but, based on current production and waste management trends, 

the abundance of plastic accumulated in landfills and the environment is projected to double over the next 

three decades (Geyer et al., 2017). Since plastic degrades through age and exposure to UV light to produce 

secondary microplastics, we expect microplastics to be present in Earth’s atmosphere for many years to 

come.  
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INTRODUCTION 

 

Dimethyl sulfide (DMS) is the dominant source of natural sulfur over the Southern Ocean, formed from 

biogenic processes involving marine phytoplankton. DMS is oxidized to sulfur dioxide in the atmosphere 

and eventually forms sulfate aerosol. However, the processes involving the emission of DMS to the 

atmosphere and subsequent oxidation to sulfate aerosol are highly uncertain. Here, we evaluate the 

variability in oceanic DMS, DMS emissions, and atmospheric DMS in global model simulations performed 

with four seawater DMS data sets and three sea-to-air flux parameterizations.  

 

METHODS 

 

Using a nudged configuration of the UK atmosphere-only Earth System Model, UKESM1, we performed 

nine 10-year simulations using forcings from 2009 – 2018. One set of simulations used four different 

seawater DMS data sets: a climatology of DMS compiled from simulations performed with the coupled 

UKESM1 (Anderson et al. 2001), two data sets compiled from seawater DMS observations (Lana et al. 

2011, Hulswar et al. 2022), and a DMS data set calculated from MODIS chlorophyll-a concentrations using 

the same approach as Anderson et al. (2001). The other set of simulations tested three DMS sea-to-air flux 

parameterizations: Liss and Merlivat (1986), Blomquist et al. (2017), and Wannkinhof (2014). 

 

 

CONCLUSIONS 

 

Using a quadratic sea-to-air flux parameterization (Wanninkhof 2014) provides fast transfer velocities in 

DMS, creating a positive bias across most areas of the Southern Ocean except for biologically productive 

areas, such as the Chatham Rise and high latitude regions. Although quadratic formulas are able to capture 

elevated Southern Ocean atmospheric DMS concentrations seen in observations, large areas of the Southern 

Ocean have lower measured atmospheric DMS than simulated by the model when using a quadratic sea-to-

air flux parameterization. Linear relationships between wind and DMS flux (Liss and Merlivat 1986, 

Blomquist et al. 2017) are shown to be more realistic. The variability across all simulations with different 

oceanic DMS datasets using the same sea-to-air flux parameterizations (Fig. 1) is 112% (6.92 to 3.27 TgS 

Yr −1). The variability in simulations using the same oceanic DMS dataset but differing sea-to-air flux 

parameterizations is 50-60% (4.69 to 2.9 TgS Yr −1). Simulations that implement a quadratic sea-to-air show 

35% higher DMS mixing ratios than simulations using a linear sea-to-air flux. This work highlights the need 

for Earth System Models to include a sea-to-air flux parameterization that is appropriate for DMS, and for 

oceanic DMS datasets to capture the time-varying nature of the marine biogenic activity. Such 

improvements would help provide more accurate simulations of oceanic and atmospheric DMS in the 

Southern Ocean. 
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Figure 1. Summertime (December – February) Southern Ocean sulfur emissions in Tg year-1 in all model 

simulations performed. The error bars represent the spatial and temporal standard deviation. The different 

colors represent different oceanic DMS climatologies (Purple: MEDUSA (Sellar et al., 2019; Anderson et 

al., 2001), Green: Lana et al., (2011) and Orange: REV3 (Hulswar et al., 2022), and time series (Blue: 

derived from MODIS chlorophyll-a) used in this work. The x marker represents simulations performed 

with the Liss and Merlivat (1986) sea-to-air flux, the dot marker represents Wanninkhof 2014, and square 

marker represents Blomquist et al. (2017). 
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INTRODUCTION 

 

 

Due to carbonaceous aerosol (CA) complex chemical and physical properties,  the  underlying  processes  

controlling the overall impact of CA on climate and human health are still not fully understood. A lack of 

long-term, highly time-resolved data of CA components represents a limiting factor when studying the 

impact of specific constituents and their  synergistic  effects.  Thus,  adequate  online  and high-time  

resolution  apportionment  methods  of  CA  are needed  to  identify  their  main  sources  and  formation 

mechanisms and point out the components with the highest impact on public health and climate forcing. In 

this study we present an advanced TC-BC approach (Ivančič et al., 2022) in which CA are measured  by  

the  CASS  system  (Carbonaceous  Aerosol Speciation  System),  which  combines the Total Carbon 

Analyzer TCA08 (Rigler et al., 2020) and the Aethalometer AE33 (Drinovec et al., 2015),    providing    

high    time-resolved    data    on    the carbonaceous  aerosol  composition  and  optical  properties in real-

time.  

 

 

 

METHODS 

 

Advanced apportionment of the carbonaceous aerosol is based on the simplified CASS method, where the 

organic carbon (OC) content is calculated as the difference between total carbon (TC) and black carbon 

(BC).  The multiple-wavelength analysis of the Aethalometer AE33 data allows apportionment of the 

optical absorption into two components: black carbon (BC) and brown carbon (BrC). Furthermore, the BC  

tracer  method  separates  organic carbon into the  primary and secondary OC (Wu and Yu, 2016). 

Integrating numerical algorithms to high-time-resolution measurements with CASS, an advanced method 

is introduced to apportion CA into six components based on their optical absorption properties and their 

primary or secondary origin:  

CA=BCff + BCbb + POABrC + POAnon-abs + SOABrC + SOAnon-abs, 

where BCff and BCbb represent fossil fuel and biomass burning related BC components, POABrC and 

SOABrC are the primary emitted and secondarily formed light-absorbing organic aerosols, and POAnon-abs 

and SOAnon-abs non-light-absorbing aerosols (Figure 1).  
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Figure 1. Flowchart for CA apportionment to six components using the advanced TC-BC method. 

 

 

CONCLUSIONS 

 

The advanced TC-BC method was validated on a 2-year measurement campaign in Los Angeles Basin 

(LA Central and LA Riverside measurement sites, CA, USA, Figure 2). The high-time-resolution 

approach allowed to study the diurnal and seasonal evolution of different components as a function of 

sources, transformation, and meteorology (Fig. 3).  

 

Figure 2. Two-year-long measurements with CASS in Central LA (a) and Riverside (b) and diurnal profiles of BC 

and TC by season in Central LA (c-f) and Riverside (g-j). The lines represent median values, and the borders of the 

shaded area are the first and third quartiles in diurnal plots. 
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Fig. 3. Diurnal profiles of CA apportioned to BCff, BCbb, POAnon-abs, POABrC, SOAnon-abs, and SOABrC in Central LA 

(a-h) and Riverside (i-p). Results are separated into seasons: (a, e, i and m) for spring, (b, f, j and n) for summer, (c, 

g, k and o) for fall, and (d, h, I and p) for winter. Graphs (a-d) and (i-l) contain medians, and relative fractions are 

shown in (e-h) and (m-p). The black dashed line represents the split between POABrC and SOABrC during winter 

nights, where the highest uncertainty is expected to appear. 

Road transport (all over the year) and biomass burning (winter) are confirmed here as the main 

sources of primary emitted carbonaceous aerosols, this latter fraction being significant in winter. 

On the other hand, secondary formed SOA  is dominant in summer afternoons when their 

contribution can reach 70 % of CA but is also important during nights in the colder months. The 

results were validated with complementary air quality measurements (e.g., gaseous pollutants, 

ultrafine particles, PM2.5, offline OC/EC).  

Finally, we compared the average CA fingerprint from LA basin to other locations, illustrating 

the interest of applying our high time-resolution CA source apportionment to provide important 

information for the adaptation of air pollution abatement strategies in different environments.  
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INTRODUCTION 
The fundamental role of atmospheric aerosols in the climate system of the Great Barrier Reef 
(GBR) has been examined in several recent field campaigns. One of the limiting factors for 
incorporating aerosol information in atmospheric models is that while a large amount of surface 
information exists, vertically resolved aerosol data is more limited. In this study we present 
vertical aerosol extinction profiles from a two-month field campaign at One Tree Island, a small 
coral cay in the Capricorn Bunker Group of the Southern GBR.  
 

METHODS 
The measurement campaign at One Tree Island was conducted from mid-January to early April 
2023. We compare measured aerosol extinction profiles derived from both Mini Micro Pulse 
LiDAR (MiniMPL) backscatter profiles and Multi-Axis Differential Optical Absorption 
Spectrometer (MAX-DOAS) O4 absorption spectra to aerosol profiles simulated with the WRF-
Chem chemical transport model. This dataset, including Microtops sun-photometer aerosol 
optical depth results, meteorological observations and sea-surface wind and wave-height 
measurements from a wave-ride buoy, was collected as part of the Reef Restoration and 
Adaptation's 2023 Cooling and Shading fieldwork program. MiniMPL data gathered on One 
Tree Island was also used to estimate atmospheric boundary layer (ABL) top height, as the 
presence of atmospheric aerosols can both enhance and suppress ABL stability, making ABL 
height an important parameter for determining the vertical distribution of atmospheric aerosols.  
 

CONCLUSIONS 
Using the vertical extinction profiles, ABL height estimations, and other relevant data we 
examine the sources and vertical mixing of aerosols through the marine boundary layer in this 
unique, pristine region, and recommend improvements needed in modelling aerosol 
distributions over the GBR.  
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INTRODUCTION 

 

Secondary particle formation and aerosol precursors have been studied intensively during the last decade. 

The method to measure sulfuric acid and methane sulfonic acid in-situ with chemical ionization mass 

spectrometry using nitrate ion as a reagent ion was presented already twenty years ago (Eisele & Tanner, 

1993). Since then, a significant leap in the characterization of aerosol precursors happened when the 

measurements of condensable vapours started with time-of-flight mass spectrometers enabling simultaneous 

measurements of vast number of vapours (Junninen et al., 2010, Jokinen et al., 2012). Second advancement 

in condensable vapour measurements has been the diversification of the reagent ions enabling different 

selectivities for the methods (Riva et al., 2019) and conducting successive measurements with different 

reagent ions with one instrument (Huang et al., 2021, Rissanen et al., 2019).  

 

Last decade has brought several new measurement techniques for general use in atmospheric measurement 

stations and chamber experiments and our understanding of new particle formation on molecule and cluster 

level has become significantly more detailed. The condensable vapours have been studied qualitatively in 

different environments and conditions, and also their concentrations or approximations of them have been 

published. The quantitative analysis of condensable vapours has still large uncertainties and there are just a 

few calibration methods in use. In addition to that, no standardization of the methods, nor general guidelines 

for measurements have been done. We are establishing a new unit CiGas-UHEL, as a part of Topical Centre 

ACTRIS CiGas (The Aerosol, Clouds and Trace Gases Research Infrastructure, Centre for Reactive Trace 

Gases In Situ Measurements), which will aim at open-access, sustainable, traceable, high-quality data of in-

situ measured condensable vapours. 

 

METHODS 

 

The goal of producing high-quality data of condensable vapours will be executed by several actions put into 

practice together with the associated scientific community. One of the first tasks is to assembly a standard 

operation procedure (SOP) including measurement guidelines and clear processes for quality control and 

data processing. The SOP will focus especially on condensable vapour measurements conducted with 

chemical ionization atmospheric pressure interface mass spectrometry. SOP includes topics such as 

description of different kind inlets and their best practices; maintenance and troubleshooting; description of 

the mass spectrometer itself, tuning of the voltages and their effect on fragmentation and transmission and 

things to consider when measuring in field, laboratory, on aircraft or from chamber experiments. The 

calibration procedures, determination of limit of detection, blank measurements and quality control during 

normal operation will be described. Data treatment will be one of the core topics as the data from ACTRIS 

National Facilities (such as measurement stations and atmospheric simulation chambers) will be processed 

based on the guidelines and submitted to the ACTRIS data base from where they are openly available for 

all.   
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As a Topical Centre Unit of ACTRIS, CiGas-UHEL is responsible for providing standardization, training 

and consultancy, intercomparison workshops, calibrations and doing method development for the 

measurements of condensable vapours. The standardization will be executed by providing SOP for users 

and labelling and auditing the ACTRIS National Facilities. Calibration, training, and consultancy are offered 

as operation support for the instrument users within ACTRIS but also as services for other users. One way 

to understand the operation of instruments and the functionality of individual instruments better, is to arrange 

intercomparison workshops where instruments can be measuring the same sample side by side. CiGas-

UHEL will arrange its first intercomparison campaign in co-operation with OrGanic Tracers and Aerosol 

Constituents - Calibration Centre (OGTAC-CC) at TROPOS, Germany in spring 2023. The first 

intercomparison workshop will gather together around ten instruments and their operators using different 

methods to detect the condensable vapours. Comparison of the data from these measurements will give more 

insight about the transmission, sensitivity and selectivity of different methods and individual instruments. 

In future CiGas-UHEL can arrange intercomparison workshops focusing also on different themes. The 

method development is one of the tasks of our Unit and in that we mean especially calibration methods for 

condensable vapours. The development work will be done in co-operation with other users and altogether 

the co-operation with associated scientific communities and the transfer of knowledge to them is a crucial 

part of everything that our Unit does.  

 

 

 
 

Figure 1. The core operations of CiGas-UHEL to achieve its goal to enable production of high-quality data 

of condensable vapours 

 

SUMMARY 

 

A new calibration center called CiGas-UHEL, as part of ACTRIS Centre for Reactive Trace Gases In Situ 

Measurements, is focusing on the quantitative measurements of condensable vapours with chemical 

ionization mass spectrometry. The goal of supporting the production of open-access, sustainable, traceable, 

high-quality data of in-situ measured condensable vapours is achieved by several operations that include 

offering calibrations, training and consultancy, arranging intercomparison workshops, conducting method 

development and leading the standardization of the measurements. 
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INTRODUCTION 

 
Acidity, typically defined by pH, is a key property of atmospheric aerosol particles (Pye et al., 2020). 
Aerosol pH can control the uptake of semi-volatile vapors, e.g., via the gas-particle partitioning of acids 
and bases, or via the acid-catalyzed reactive uptake of species such as isoprene epoxydiols (Gaston et al., 
2014). It also catalyzes condensed-phase chemistry such as many organic accretion reactions (Hallquist et 
al., 2009). As a consequence, aerosol pH can modulate atmospheric aerosol loading and composition, and 
thereby important aerosol properties such as volatility, hygroscopicity and toxicity. It also plays important 
roles in atmosphere-ecosystem relations, as it affects the acidity of precipitation and governs the dry 
deposition of inorganic reactive nitrogen (Nenes et al., 2021), a major nutrient for plant growth. 
The pH of ambient fine aerosol is extremely challenging to measure directly. Typically, it needs to be 
inferred by thermodynamic modeling. Commonly used modeling tools calculate a thermodynamic 
equilibrium of an aqueous aerosol system under given boundary conditions. The aerosol system will 
contain at least the most important inorganic ions (e.g., H+, NH4

+, NO3
– and SO4

2–) and their respective 
gases. Often, organic components can be considered as well. For assessing the pH of ambient aerosol, 
model input is based on measurements of aerosol particle composition and of gas-phase mixing ratios of 
relevant semi-volatile vapors. A particular challenge is often the measurement of gaseous ammonia (NH3), 
as it is prone to interact with instrument surfaces, causing losses, high backgrounds and slow response 
times. However, knowledge of NH3 mixing ratios is particularly useful for thermodynamic modeling, as 
ammonium (NH4

+) is usually the dominant cation in fine aerosol, while its partitioning is pH-sensitive in 
typical ambient conditions. 
In this study, we use airborne online measurements of sub-micron aerosol composition and trace vapor 
mixing ratios to infer sub-micron aerosol pH via thermodynamic modeling. The state-of-the-art airborne 
instrumentation provided for a formidable dataset for that purpose, in particular as trace gas observations 
included precise measurements of NH3 as well as nitric acid (HNO3), albeit alternatingly. The airborne 
deployment enabled a vertically resolved investigation of the ambient aerosol: throughout the mixed 
boundary layer as well as in the lower free troposphere.  
 

METHODS 
 
The airborne observations used in this study were made aboard the Gulfstream I aircraft of the U.S. 
Department of Energy’s Atmospheric Radiation Measurement (ARM) Aerial Facility. They were part of 
the Holistic Interactions of Shallow Clouds, Aerosols, and Land-Ecosystems (HI-SCALE) field campaign 
that took place in Oklahoma, USA, during the spring and summer/fall of 2016. An overview of the 
campaign is given in Fast et al. (2019). Most of the flying was conducted within a 50-km radius of the 
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ARM Southern Great Plains field site (SGP) in northern Oklahoma. Vertically, the flying focused on 
altitudes from the mid boundary layer to the lower free troposphere. The non-refractory composition of 
sub-micron aerosol particles was measured at 0.08 Hz by a high-resolution time-of-flight aerosol mass 
spectrometer (AMS; Aerodyne Research, Billerica, MA, USA) (DeCarlo et al., 2006). Ambient air was 
sampled through an isokinetic inlet that permitted aerosol with aerodynamic diameters < 5 µm. Via a 
pressure-controlled inlet and an aerodynamic lens, the AMS sub-sampled aerosol particles < 1 µm and 
flash-vaporized non-refractory components for chemical analysis via electron impact ionization and time-
of-flight mass spectrometry. Trace gas mixing ratios were measured at 2 Hz by a high-resolution time-of-
flight chemical ionization mass spectrometer CIMS; Tofwerk, Thun, Switzerland, and Aerodyne 
Research). The sampling and ionization setup included some modifications to enhance quantification of 
airborne measurements (Lee et al., 2018). Sample was drawn with a large sheath flow into a short ion-
molecule reaction region, where trace gases were ionized at 100 mbar via forming adducts with admixed 
reagent ions, followed by transfer to the high-vacuum mass spectrometer. By switching instrument voltage 
polarities, iodide anions and deuterated benzene cations were used alternatingly to quantify HNO3 and 
NH3 mixing ratios based on HNO3.I– and NH3.C6D6

+ adducts, respectively (Schobesberger et al., 2023). 
For calculating thermodynamic equilibria, including aerosol liquid water and pH, we use primarily the 
Extended Aerosol Inorganics Model (E-AIM; e.g., Clegg et al., 1998). E-AIM is considered a very 
accurate thermodynamic model for predicting aerosol pH, at least for inorganic solutions (Pye et al., 
2020), while its relatively high computational demands are not an issue for our application. Other models 
are explored as well, such as the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC; 
Zaveri et al., 2008), which can provide particle size-resolved pH, and ISORROPIA (Kakavas et al., 2022), 
which is computationally efficient and is seeing widespread use in chemical transport models. 
 

RESULTS & CONCLUSIONS 
 
Figure 1 presents an example observational dataset obtained during the HI-SCALE research flights, 
including NH3 mixing ratio measurements by CIMS (center panel) and AMS measurements of sub-micron 
aerosol composition (bottom panel). The excerpt spans 15 min of flight time. The first 10 min represent a 
straight-and-level leg within the mixed boundary layer and cover a horizontal distance of 16 km. Then, a 
climb was initiated, upon which air temperature first dropped, which may have caused the concurrent 
increase in particulate nitrate and ammonium, despite gas-phase NH3 levels staying broadly constant, 
consistent with lower temperatures favoring the formation of ammonium nitrate. After ~18:27, the climb 
proceeded into the free troposphere, marked by a temperature inversion and sharp drops in humidity, 
[NH3] and aerosol loading. In relative terms, the amount of particulate ammonium dropped only mildly, 
thereby decreasing the gas-particle partitioning ratio from ~6:1 to ~2.5:1. Assuming aqueous aerosol 
particles, this ratio can also be directly used to derive aerosol pH values, if equilibrium constants and in 
particular aerosol liquid water content are known (Hennigan et al., 2015). As the latter was not 
constrained by measurements during HI-SCALE, it still needs to be estimated by thermodynamic 
modeling. Similarly, the hygroscopicity and activity of the organic particle phase need to be assessed, 
along with other possible biases. In any case, the ammonia partitioning ratios as observed in Fig. 1 imply 
that the aerosol was more acidic in the free troposphere than in the boundary layer below. More robust 
results for aerosol pH are achieved via detailed thermodynamic modeling with consideration of constraints 
provided by the simultaneous gas-phase measurements of NH3 and HNO3. For instance, a preliminary E-
AIM calculation in ‘forward mode’, based on a set of measurements 300 m above the SGP ground site 
(13-s average at 18:20; Fig. 1), yields an aerosol pH of 2.4, with the predicted NH3 partitioning ratio 
deviating from observations by only 15%, corresponding to an expected error in pH of less than ±0.1. 
Note that our particle composition measurements have a resolution of 13 s, corresponding to distances of 
~1.2 km. But averaging over larger swaths of time, and hence distances, is clearly required to obtain 
compositions that are more likely to correspond to thermodynamic equilibrium conditions (Fig. 1). 
Beyond the ability to obtain vertical profiles, the aircraft measurements also give access to the horizontal 
spatial variabilities in aerosol properties that were indeed observed during HI-SCALE (Fast et al., 2022).  
Given expected aerosol heterogeneities in all dimensions, we explore the suitability of averaging strategies 
across horizontal, vertical and time domains. 
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Figure 1. Excerpt of observations during HI-SCALE research flight #13 in the afternoon of 14 May 2016. 
Times are given in coordinated universal time (UTC), which was 5 h ahead of local time. The top panel 

shows air temperature (black), and relative humidity (blue) calculated from dew point temperature 
measurements. The center panel shows altitude above mean sea level (AMSL) in black; ground elevation 
was between 300 and 350 m. Gas-phase ammonia (NH3) mixing ratio measurements are shown in orange. 
The bottom panel shows measured contributions of nitrate, sulfate, ammonium and non-refractory organic 

material to the mass concentration of sub-micron aerosol particles. 
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INTRODUCTION 

Atmospheric aerosols vary in a wide size range with four orders of magnitude difference 

between the smallest and the largest particle. The spatial and temporal variability in aerosol 

emissions strongly modulates the dynamical behaviour and associated properties of aerosols 

[Costabile et al., 2009; Kerminen et al., 2018; Zhang et al., 2015]. The primary emissions and 

secondary formation via gas-to-particle conversion are the major contributors to the total 

aerosol numbers in the atmosphere[Rönkkö et al., 2017; Wu et al., 2008]. The aim of this work 

is to quantify the contribution of different aerosol modes to the total aerosol mass, and thereby 

haze formation. 

METHODS 

In this study, we have used long-term (2019-2012) observations of particle number size 

distribution from the nano Condensation Nucleus Counter (nCNC) in the size range from 1 to 

3 nm and Scanning Mobility Particle Sizer (SMPS) from 10 nm to 600 nm in an urban 

location, Hyderabad, in India. We have calculated size-segregated particle number 

concentrations in four major modes such as cluster mode (sub-3nm), nucleation mode (<25 

nm), Aitken mode (25-100 nm) and accumulation mode (100-600 nm). We further used in-situ 

measured particulate matter of less than 2.5 µm (PM2.5) to deduce hazy and non-hazy days.   

CONCLUSIONS 

Size-segregated particle number concentrations showed a distinct seasonal variation, with the 

highest concentrations in spring (March-May) and the lowest concentrations during winter 

(December-February). Our results also show that the concentrations of cluster mode particles 

were the highest at low PM2.5 levels and the lowest at high PM2.5 levels, indicating that cluster 

mode particles are efficiently scavenged by high concentrations of pre-existing particles. 

Seasonal variation in particle number concentrations is highly related to planetary boundary 

layer evolution, temperature (which determines the oxidation extent of the atmosphere), and 

pre-existing particles (efficient scavenging of smaller particles).  We will further show 
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analyses on seasonal variability in size-segregated particle number concentrations on hazy and 

non-hazy days.  
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INTRODUCTION  

The rapid industrial development of the East Asian region since the late 20th 
century has led to a significant increase in anthropogenic aerosol emissions, 
which have been a major cause of health and climate issues in the region 
(e.g., Andreae and Rosenfeld, 2008). However, there have been many efforts 
to restrict aerosol emissions in the region, leading to a significant decrease in 
aerosol concentrations in recent decades. In this study, we present data on 
atmospheric aerosol and cloud condensation nuclei (CCN) concentrations 
measured in Seoul, South Korea from 2019 to 2021, which includes the 
COVID-19 social lockdown period. We compare these recent measurements 
to those from previous decades. Since Seoul is a representative megacity in 
East Asia, the data from this region may provide insights into the overall 
trend of aerosol concentration in urban regions. 
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DATA and METHODS 

The aerosol number concentration (NCN) and size distribution were measured 
using a condensation particle counter (CPC; TSI 3772) and a scanning 
mobility particle sizer (SMPS; TSI SMPS), respectively. The CCN number 
concentration (NCCN) was measured by a cloud condensation nuclei counter 
(CCNC; DMT CCN-100). A ceilometer is used to determine the planetary 
boundary. Surface meteorological parameters were obtained from the Korea 
Meteorological Administration’s weather station data, and traffic volume data 
were obtained from the Korean Transport Operation & Information Service 
(TOPIS). Finally, air mass back trajectories were obtained from NOAA 
HYSPLIT model and the Potential Source Contribution Function (PSCF) 
(Herenz et al., 2019) is applied to understand the transport of air masses to 
Seoul. 

 

CONCLUSIONS 

The annual average NCN and NCCN at 0.6% supersaturation were compared 
between 2019, a non-COVID-19 year, and 2020 and 2021, which were 
affected by COVID-19 social lockdowns. The results showed that both NCN 
and NCCN were lower in 2020 and 2021 compared to 2019. Specifically, in 
2019, the average NCN was 14090±7045 and the average NCCN was 
3098±1940, while in 2020, they were 12007±6402 and 2717±1838, 
respectively, and in 2021, they were 10980±5873 and 2349±1414, 
respectively. When these three year data were analyzed together, we found 
that NCN and NCCN were lower during the summer season compared to the 
winter season, as a result of the monsoon and reduced anthropogenic 
emissions. The factors that affected NCN varied by season. In the summer, 
traffic volume was the most significant factor in determining aerosol number 
concentration. However, during the winter season, temperature, wind speed, 
and relative humidity also played an important role in NCN. PBL height 
showed significant influence on the average diurnal variation of NCN, but its 
effect on the overall trend was relatively small. PSCF analysis indicated that 
the aerosols in Seoul originated from diverse regional air mass inflows, which 
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varied by season. During the summer season, NCN decreased when the air 
mass originated from the ocean. However, in winter, NCN tended to be higher 
when the air mass originated from the north of Mongolia due to the 
occurrence of New Particle Formation (NPF) events. To see a long term trend, 
NCN and NCCN from previous studies conducted in Seoul (Kim et al., 2014, 
Kim et al., 2017, Kim et al., 2018) were combined together as shown in Fig. 
1. We see a generally declining trend of NCN and NCCN from 2004 to 2021, 
which is likely due to a decrease in air pollutant emissions. Further detailed 
results will be presented at the conference. 

 

Figure 1. Aerosol (Black) and CCN (Brown) number concentration in Seoul, 

Red color indicates the data analyzed in this study. 
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INTRODUCTION

In the remote marine atmosphere, dimethyl sulfide (DMS) oxidation is essential to new particle
formation and initial particle growth as the sole source of sulfuric acid (H2SO4) and methanesulfnic
acid (MSA; CH3SO3H) (Kreidenweis et al., 1988; Covert et al., 1992; Dawson et al., 2012; Beck et
al., 2012) in the absence of anthropogenic and volcanic emission of sulfur dioxide (SO2) (Dawson
et al., 1998; Bardouki et al., 2003; Nowak et al., 2001; Edtbauer et al., 2020). However, estimating
H2SO4 and MSA concentrations from DMS oxidation with the current widely used mechanism has
remained highly uncertain. For example, ambient observations by Beck et al. (2021) and Jokinen
et al. (2018) have shown high gas-phase MSA concentrations larger than H2SO4 in polar regions,
indicating that MSA production from DMS oxidation is underestimated at subzero temperatures.
Thus, investigating the DMS oxidation mechanism under the conditions relevant to polar regions
is critical to better predict MSA and H2SO4 from DMS oxidation and further understand aerosol
formation in remote marine environments.

Besides in the marine atmosphere, high MSA concentrations were also observed in the free tropo-
spheric air at 5420 m altitude in the Bolivian Andes, 330 km away from the Pacific coast, which
is plausibly related to the DMS-containing air masses that originated from the Pacific Ocean after
convective lifting. All these pieces of evidence indicate the relevance of MSA in remote regions
(e.g., polar regions and the free troposphere), where temperatures and condensation sink are low.
Although MSA nucleation mechanisms have been investigated for decades (Hoppel et al., 1987;
Kreidenweis et al., 1988), many aspects are still unclear, especially under atmospherically relevant
conditions. Therefore, understanding the MSA nucleation mechanism and its contribution to initial
particle growth becomes important in estimating the impact of DMS on the formation of aerosols
and cloud condensation nuclei (CCN) in remote regions.

METHODS

In this study, we conducted experiments in the CERN Cosmics Leaving Outdoor Droplets (CLOUD)
chamber to investigate the OH-initiated DMS oxidation mechanism for polar regions conditions
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with an array of state-of-art chemical ionization mass spectrometers. With the CLOUD cham-
ber, we were able to lower the concentration of vapor precursors to atmospherically representative
conditions and experimentally investigate DMS oxidation under subzero conditions (-10 ◦C). The
different chemical ionization mass spectrometers were used to quantify numerous DMS oxidation
products like H2SO4, MSA, dimethyl sulfoxide (DMSO; CH3S(O)CH3), dimethyl sulfone (DMSO2;
CH3S(O)2CH3), and methanesulfinic acid (CH3S(O)OH, MSIA), as well as to identify several inter-
mediate products including hydroperoxymethyl thioformate (HPMTF; HOOCH2SCHO), methyl
thioformate (CH3SCHO), CH3SOH and CH3S(O)2OOH. The measured DMS and its oxidation
products were then used to evaluate and constrain the oxidation mechanism via a numeric kinetic
model.

We also investigated the role of MSA in the nucleation and early growth of aerosol particles in the
CLOUD chamber at different temperatures (+10 ◦C, -10 ◦C, -30 ◦C, and -50 ◦C). A wide range of
aerosol instrumentation including a nano Condensation Nucleus Counter (nCNC, Airmodus Ltd.),
a nano Scanning Mobility Particle Sizer (nanoSMPS, TSI Inc.), and a Neutral cluster and Air Ion
Spectrometer (NAIS, Airel Ltd.) were deployed for a full-size range (1.3-1000 nm) measurement of
particle and ion size distribution. The composition of particles was examined using a Filter Inlet
for Gases and AEROsols (FIGAERO) iodide (I– ) chemical ionization mass spectrometer (CIMS).

A similar suite of chemical ionization mass spectrometers was deployed to study the composition
of different air masses at the Chacaltaya Global Atmosphere Watch (GAW) Station in the Bolivian
Andes (5240 m) between December 2017 and the beginning of June 2018. The location of the
station is unique, where the air masses can be influenced by the free tropospheric air that originates
from the Pacific ocean. It is, therefore, possible to observe DMS and its oxidation products and
investigate their contribution to aerosols.

CONCLUSIONS

During the experiments in the CLOUD chamber, we noticed a significant production of MSA from
OH-initiated DMS oxidation under atmospherically-relevant conditions, especially at low temper-
atures. The results showed that the production of gas-phase MSA was highly dependent on tem-
perature, increasing dramatically as the temperature decreased. This is because MSA formation
involves thermal decomposition reactions for which the reaction rate coefficient is exponentially
dependent on temperature. As shown in Figure 1, the observed ratio of gas-phase H2SO4 to MSA
was small (below one) at low temperatures. The impact of NOx on this ratio was less pronounced
compared to the temperature effect. We also investigated heterogeneous reactions that occur on
the chamber walls, with only DMS and O3 in the chamber, showing that heterogeneous reactions
influence the distribution of DMSO and DMSO2 but is predominant only for DMSO2 production.
With the above findings, we developed a numerical model to constrain specific mechanisms, deter-
mining that MSIA is the key precursor dominating MSA production, consistent with observations
in polar regions. This emphasizes the significance of MSA in the natural sulfur cycle and highlights
the need to update the atmospheric chemistry modules in aerosol simulation models with the new
mechanism to enhance the accuracy of aerosol simulation in marine remote areas.

During the measurements at the Global Atmosphere Watch (GAW) station Chacaltaya in the
Bolivian Andes, we extracted the periods influenced by free tropospheric air from the Pacific region
that may contain DMS and its oxidation products. The air masses that reach the station have been
transported over long distances but still contained large amounts of DMS and its oxidation products,
including DMSO, DMSO2, MSIA, CH3SCHO, CH3SOH, MSA, and H2SO4. As shown in Figure
2, the measured MSA shows much higher concentrations in the free tropospheric air than in the
boundary layer, up to 4×106 cm−3. The back trajectory calculations show that DMS and relevant
compounds in free tropospheric air masses originated from above the ocean (distance >330 km)
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Figure 1: Temperature dependence of the H2SO4 to MSA ratio in the CLOUD chamber. The NO2 and NO differences
between the red and green circles are around 400 pptv and 8 pptv. Purple square symbols are the daytime average of ambient
measurement from Beck et al. (2021), Jokinen et al. (2018), and Berresheim et al. (2002). The simulation results in this study
are presented as gray rectangles by varying the reaction rate coefficient of the isomerization of methylthiomethylperoxy radical
(CH3SCH2OO, MSP).

without local surface contact. All these pieces of evidence are indicative of the potential impact of
marine DMS emissions on the distribution of sulfur-containing vapors in the free troposphere far
away from the ocean.

Both the chamber experiments and ambient observation show that MSA concentration is highly
possible to reach high values in remote regions. To further investigate its contribution to aerosol
formation in these remote regions, MSA(-NH3) nucleation and growth experiments under atmo-
spheric representative conditions were performed in the CLOUD chamber. The ratio of MSA to
H2SO4 varied depending on DMS oxidation, reaching a value as high a factor of 15 at -30 ◦C, which
reduced the contribution of H2SO4 to nucleation. We will present the results of our MSA-(NH3)
nucleation and growth experiments in this presentation.
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Figure 2: DMS oxidation products in the gas phase, detected by PTR3 and nitrate-CIMS at Chacaltaya in FT (free troposphere
without boundary layer influence), BLnight(within boundary layer during night time), BLday (within boundary layer during
day time) air masses.
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We investigated the degradation of polycyclic aromatic hydrocarbons (PAHs) during long-range 
transport. Aerosols were collected simultaneously at remote sites on Tuoji Island, China; Fukue Island, 
Japan; and the Cape Hedo Atmosphere and Aerosol Measurement Station (CHAAMS), Okinawa, Japan in 
April, October, and December from 2012 to 2013. These remote sites were convenient for investigating the 
degradation of PAHs during long-range transport. PAHs were analyzed via gas chromatography/mass 
spectrometry. We identified air masses that passed over all sites and combined our measurements with a 
chemical transport model. We estimated the relative contributions of the PAHs at the three sites by 
normalizing the PAH concentrations to elemental carbon. Benzo[a]pyrene persisted in 5–16% of samples. 
The results of this study are consistent with laboratory studies in which secondary organic aerosol (SOA) 
coatings protected PAHs from degradation by ozone. We detected an inhibition of the degradation PAHs by 
SOA coatings by collecting PAHs simultaneously at the three sites. To elucidate the major sources of the 
SOAs, we carried out a positive matrix factorization analysis to identify the major sources of SOA coating, 
which controls the lifetime of PAHs. In spring and winter, the contribution of vehicle emissions was higher 
(46%) at Tuoji Island than at CHAAMS (13%). In contrast, the contribution of coal combustion was higher 
at CHAAMS (59%) than at Tuoji Island (28%). This result implies that during long-range transport, PAHs 
derived from coal combustion are more slowly degraded than PAHs derived from vehicle emissions. We 
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found that the viscosity of SOA coatings derived from 
vehicle emissions in China was low, and the 
corresponding PAHs were rapidly degraded. In contrast, 
the viscosity of SOA coatings derived from coal 
combustion was high, and degradation of the 
corresponding PAHs was relatively slow. These results 
imply that PAHs derived from coal combustion have 
long lifetime.  
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INTRODUCTION 

 

Combining unique high-altitude aircraft measurements and detailed regional model simulations, we show 

that in-plant biochemistry plays a central but previously unidentified role in fine particulate-forming 

processes and atmosphere–biosphere–climate interactions over the Amazon rainforest. Isoprene epoxydiol 

secondary organic aerosols (IEPOX-SOA) are key components of sub-micrometer aerosol particle mass 

throughout the troposphere over the Amazon rainforest and are traditionally thought to form by multiphase 

chemical pathways. Here, we show that these pathways are strongly inhibited by the solid thermodynamic 

phase state of aerosol particles and lack of particle and cloud liquid water in the upper troposphere. Strong 

diffusion limitations within organic aerosol coatings prevailing at low temperatures and low relative 

humidity in the upper troposphere strongly inhibit the reactive uptake of IEPOX to inorganic aerosols. We 

find that direct emissions of 2-methyltetrol gases formed by in-plant biochemical oxidation and/or 

oxidation of deposited IEPOX gases on the surfaces of soils and leaves and their transport by cloud 

updrafts followed by their condensation at low temperatures could explain over 90% of the IEPOX-SOA 

mass concentrations in the upper troposphere. Our simulations indicate that even near the surface, direct 

emissions of 2-methyltetrol gases represent a ubiquitous, but previously unaccounted for, source of 

IEPOX-SOA. Our results provide compelling evidence for new pathways related to land surface–aerosol–

cloud interactions that have not been considered previously. 

 

METHODS 

 

Measurements of IEPOX-SOA were made onboard the German HALO aircraft both near the surface and 

the upper troposphere using an Aerosol Mass Spectrometer (AMS) over the entire atmospheric column 

from 0-14 km altitudes over the Amazon (Schulz et al. 2018). These high-altitude measurements of 

IEPOX-SOA are especially important, providing a unique opportunity to evaluate our knowledge of 

processes governing IEPOX-SOA formation. Here, we conduct detailed regional model simulations using 

the Weather Research and Forecasting Model coupled to Chemistry (WRF-Chem) over the Amazon at a 

horizontal grid spacing of 10 km covering 1500 km x1000 km centered on the Manaus urban area in the 

Amazon. We implemented detailed mechanisms and equations governing the multiphase reactive uptake 

of IEPOX and the role of viscous SOA coatings limiting IEPOX-SOA formation. Combining unique high-

altitude aircraft measurements, laboratory-based process modeling, and detailed regional model 

308



simulations, we show that in-plant biochemistry plays a central but previously unidentified role in fine 

particulate-forming processes and atmosphere–biosphere–climate interactions over the Amazon rainforest 

(Shrivastava et al. 2022). 

 

CONCLUSIONS 

 

IEPOX-SOA are key components of ultrafine aerosol particle mass throughout the atmospheric column 

over the Amazon rainforest and are traditionally thought to form by multiphase chemical pathways. We 

showed that these pathways are strongly inhibited by the solid phase of aerosol particles and lack of cloud 

liquid water in the cold and dry regions of the upper troposphere. Using detailed regional model 

simulations, we found that using traditional multiphase chemistry underpredicts the IEPOX-SOA observed 

by aircraft at high altitudes by more than an order of magnitude. Incorporating newly discovered processes 

related to the release of 2-methyltetrol gases formed by in-plant biochemistry on the surfaces of soils and 

leaves, their transport by clouds to the upper troposphere, and condensation to particles closed the large 

model-measurement gaps and helped explain the aircraft measurements of IEPOX-SOA in the upper 

troposphere. The results provide compelling evidence for new pathways related to land surface–aerosol–

cloud interactions that have not been previously considered. 
 

 

 
 

Fig. 1. In-plant biochemistry and/or surface chemistry causes the release of methyltetrol gases. Cloud 

updrafts then transport the gases to the upper troposphere where they condense to particles at low-

temperatures. This uniquely explains the IEPOX-SOA mass loadings observed by aircraft over the 

Amazon rainforest. These key land-atmosphere-cloud interactions are not included in current atmospheric 

models. 

 

309



 
Fig. 2. HALO aircraft-measured (gray) and WRF-Chem-simulated (colored) IEPOX-SOA mass 

concentrations (μg m–3, at standard temperature and pressure: 300 K and 995 hPa) are averaged across the 

same latitude–longitude ranges and times at three altitude ranges, the surface (0–2 km), and upper 

troposphere (10–12 and 12–14 km), on September 21, 2014. The bars represent averages of IEPOX-SOA 

at each altitude range, while the whiskers denote standard deviations showing the extent of spatial 

variations. Above figure is adapted from Shrivastava et al. (Shrivastava et al. 2022).  

 

 

We compare results from different IEPOX-SOA model sensitivity simulations with HALO-measured 

average IEPOX-SOA for September 21, 2014 (Figure 2). The Default model simulation (Figure 2) 

representing the current state of knowledge of IEPOX-SOA moderately underpredicts the observed 

IEPOX-SOA of ∼0.6 μg m–3 near the surface (0–2 km altitude) by a factor of 3. However, it greatly 

underpredicts IEPOX-SOA in the upper troposphere by over an order of magnitude (factor of ∼12–22), 

that is, the measured IEPOX-SOA is 0.2–0.4 μg m–3, while the Default-simulated value is negligible, 

∼0.01–0.03 μg m–3. In the Default model formulation, IEPOX reactive uptake is negligible at upper 

troposphere altitudes (10–14 km) since viscosity calculations as a function of temperature, RH, and OA 

composition predict a solid OA shell due to the cold and moderately dry conditions. The solid OA shell 

shuts off the reactive uptake of IEPOX. In addition, aqueous and cloud chemistry processes do not occur 

in the upper troposphere due to low RH (20–40%) and cold temperatures (∼225 K), which leads to the 

absence of particle and cloud liquid water needed for aqueous chemistry of IEPOX-SOA. In contrast, the 

mostly warm and moist near-surface conditions (temperature ∼ 300 K, RH ∼ 75%) result in a liquid-like 

OA shell below 2 km altitudes. The Default simulation represents the current state of knowledge in 

IEPOX-SOA formation and shows a key gap in our understanding of IEPOX-SOA formation in the upper 

troposphere. Direct emissions of gas-phase methyltetrols by in-plant chemistry and their vertical 

convective transport represent a previously unconsidered pathway of IEPOX-SOA formation (green, 

Figure 2). More than 99% of these gases partition to the particle-phase OA in the upper troposphere due to 

extremely cold temperature, thus, these gases represent the major source of IEPOX-SOA in the upper 

troposphere. While our current study focuses on IEPOX-SOA, there is clear evidence that in-plant 

biochemistry causes emissions of other compounds as well (e.g., methyl vinylketone and methacrolein), 

which were assumed to be produced only by oxidation of isoprene in the atmosphere. We showed that 

clouds and convective transport couple the surface-level biosphere to the upper troposphere and that the 

upper tropospheric SOA formation holds crucial insights into key biosphere processes that had been 

previously overlooked. 
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INTRODUCTION

The black carbon particles (BC) are light-absorbing carbonaceous aerosols that 
are emitted during incomplete combustion of fossil fuels, biofuels, and biomass
burning. The BC concentration can have an impact on health, climate, radiation
balance, and hydrological cycle. The measurement of BC aerosols is therefore 
very important. We can assess the contribution from long-range vs local 
transport by measuring BC aerosol at high altitudes. In our study, equivalent 
BC was measured by Aethalometer (AE-31) at two high altitude sites. The 
measurement at two different wavelengths was used to attribute EBC into 
biomass and anthropogenic fraction. The study of diurnal variation and 
seasonality of EBC provided us insights into local emission while the 
HYSPLIT model for air mass back trajectories provided us insight into long-
range transport. The observations were then compared with the model output of
MRI-ESM2.

METHODS

The Ponmudi Climate Observatory (PCO, 8.76°N, 77.12°E; 1.0 km a.m.s.l.) is 
located on the hills of Western Ghats about 65 Km from Thiruanantpuram, 
Kerala, India. This high altitude site is apt to study the role of long-range 
transport. The unique location also offers a peek into seasonality effects arising 
from Indian Summer Monsoon. Since August 2019, BC concentration have 
been measured using Aethalometer (AE-31) at PCO.
The Lulin Atmospheric Background Station (LABS, 23.47°N, 120.87°E, 2.86 
km a.m.s.l.) is located at the peak of Mt. Lulin, Taiwan. LABS is a two-story 
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building in Yushan National Park in central Taiwan. This site is around 2 km 
from a minor traffic road. It is located at high altitudes and is largely influenced
by Asian air masses. 
Aethalometer was used at both sites for measuring the BC concentration. 
Aethalometer has seven distinct wavelengths operated at a sampling interval of 
5 minutes at PCO and 1 minute at LABS. The flow rate was kept constant at 4 
LPM from August 2019 to April 2020. Aethalometer uses a filter-based 
absorption technique to measure BC mass concentration and it is proportional 
to the change in transmittance through the quartz filter tape due to the particle 
deposition,

ATN =−100×ln( I
I o ) (1)

where I and Io are the intensity of light beam passing through aerosol laden and 
an unloaded  spot of filter tape.  After incorporating the flow rate and sampling 
interval, the bATN  is given as follows,

bATN= ΔATN
100 Δt

× A
Q (2)

where  A is aerosol loading spot area (1.67 cm2) on  the filter and Q is the 
volumetric flow rate of the instrument.
To take account of multiple scattering and loading effects, C and R corrections 
Weingartner et al., (2003) are applied. The values of C and R are taken from 
Schmid et al. (2006) and Sandradewi et al. (2008).

babs(λ )=
b ATN (λ)

C (λ)×R (λ)
(3)

Finally this absorption coefficient babs (Mm-1) is converted into equivalent BC 
concentration using wavelengthdependent MAC (m2g-1).

eBC (λ)=
babs(λ)

MAC(λ)
(4)

To correct the actual volume aspirated based on ambient temperature and 
pressure, the following adjustments were made.

EBC=eBC×[ Po×T
P×T o ]

−1

(5)

To access performance of AE-31 (Ponmudi), an intercoparison between AE-31

Figure 1: Daily and Monthly mean of EBC (λ=880nm) at (A) Ponmudi (B) Lulin. 
Vertical bar indicate ± 1σ from the mean.
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and AE-33 was carried out later at Space Physics Laboratory, 
Thiruvananthapuram, India. It was found that the two measurements were 
highly correlated (r2 = 0.96) and the slope agreed within 19% (m = 1.19).

The estimation of biomass burning and fossil fuel BC mass fracction was 
carried out by using 2α-model Sandradewi et al. (2008). The principle of 
attribution is based on the fact that the babs is directly proportional to λ-AAE where
AAE is the absorption Angstrom exponent and can be determined using 
following equation,

AAE=−
ln(babs (λ1)

babs (λ2))
ln ( λ1λ2)

(6)

In this study we assumes that AAEFF (fossil fuel) and AAEBB (biomass burning)
are 1.8 and 1.0 (Herich et al.,(2011); Dumka et al., (2018,2019). Source 
apportionment was performed to estimate the percentage contribution of
BB to and FF EBC Sandradewi et al., (2008b); Zotter et al., (2017);
Helin et al., (2018).

BB plays a significant role throughout the year at Ponmudi and increases in 
winter and spring, whereas at Lulin, the BB and FF fractions are equally 
important for total EBC.
The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) 
model was used to trace the hourly 7 days back trajectories of air mass arrivng 
at the two sites. In regions nearby the study site, trajectories were clustered 
based on 80% residence time while in regions not immediately adjacent, 
trajectories were clustered based on 50% criteria. There is a significant 
contribution of the free troposphere (air mass above 700 hpa) at Ponmudi, and 
precipitation suppresses the BC concentration during monsoon months. 

Figure 2: Diurnal variation of EBC and its contribution from FF and BB at Ponmudi

Figure 3: Diurnal variation of EBC and its contribution from FF and BB at Lulin
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For Ponmudi and Lulin, MRI-ESM2 correctly predicts the peak seasons, 
although it overestimates BB fractions for Lulin.

CONCLUSIONS

Ponmudi has influence from local as well as long range transport and majority 
of emissions in winter and spring is from fossil fuel. Lulin on the other hand is 
influenced by North China, South China and South-east Asia and both FF and 
BB has comparable influence throughout the year. 
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Figure 4: Monthly variation of BC concenteration from  IO (Indian Ocean), ME 
(Middle East) and FT (Free Troposphere) are shown for Ponmudi.

Figure 5: Monthly variation of BC concenteration from  NC (North China), SC (South 
China) and SEA (South East Asia) are shown for Lulin.
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INTRODUCTION

A filter-based optical technique, mainly an Aethalometer (Magee Scientific, 
Berkeley, CA, USA) has been extensively used to provide climatology of 
equivalent BC (Black carbon) mass concentration (EBC) at several sites in the 
Arctic to determine its potential sources, transport pathways, and also to 
validate model simulations.  However, site, as well as season-independent 
constant mass absorption cross-section (MAC) values, have been used to derive
EBC from light absorption coefficient (babs) (EBC = babs/MAC). However, 
differences in aerosol properties including mixing states of BC, variations in 
other co-existing light-absorbing aerosols such as brown carbon and mineral 
dust, and measurement artifacts by light scattering aerosols on depositing filter 
largely contribute to different MACs and thus induce a large bias in EBC 
(Aethalometer). To date, accuracy of MAC (Aethalometer) was not estimated 
mainlyZdue to lack of reference MBC measurement. We measured babs using 
Aethalometer (babs (Aethalometer)), and reference MBC by a COSMOS (MBC 
(COSMOS)) with particle diameters less than 1 μm (PM1) at four sites, Alert 
(2018-2019), Barrow (2012-2021), Ny-Alesund (2012-2019) and Pallas (2019-
2022). The babs (Aethalometer), and MBC (COSMOS) were tightly correlated 
(r2 = 0.83-0.96), allowing necessary condition to reliably estimate MAC corr at 
these sites using simple babs (Aethalometer) - MBC (COSMOS) correlation 
method.  

METHODS

An Aethalometer was used to measure Black Carbon (BC) mass concentration 
(babs) at four distinct sites - Alert (82.5°N, 62.5°W), Barrow (71.3°N, 
156.6°W), Ny-Ålesund (78.9°N, 11.9°E), and Pallas (68.0°N, 24.0°E) located 
in Canada, Alaska, Svalbard, and Finland respectively. The Aethalometer has 
seven wavelength channels (370, 470, 520, 590, 660, 880, and 950 nm).  The 
data availability in Alert is from January 2018 to December 2019. In Barrow, 
AE-31 data is available from January 1st, 2012 to August 18th, 2016, while 
AE-33 data is available from August 25th, 2014 to August 8th, 2022. The 
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collocated COSMOS data is available from August 8th, 2012 to February 23rd, 
2021. Ny-Alesund data is only available for 590 nm from 2012 to 2019 for 
both AE-31 and COSMOS. In Pallas, AE-33 data is available from March 25th,
2019 to November 21st, 2022 and COSMOS data is available from July 22nd, 
2019 to March 31st, 2022.

The Aethalometer utilizes a filter-based absorption method to determine the 
mass concentration of Black Carbon (BC). The measurement is proportional to 
the change in transmittance that occurs through a quartz filter tape, as a result 
of particle deposition.

ATN =−100×ln( I
I o ) (1)

where I and Io are the intensity of light beam passing through aerosol laden and 
an unloaded  spot of filter tape.  After incorporating the flow rate and sampling 
interval, the bATN  is given as follows,

bATN= ΔATN
100 Δt

× A
Q (2)

where  A is aerosol loading spot area (0.5 cm2) on  the filter and Q is the 
volumetric flow rate of the instrument.
To take account of multiple scattering and loading effects, C and R corrections 
are used. Here in our study we have used C=3.5 recommended by the World 
Meteorological Organization/Global Atmosphere Watch (WMO/GAW, 2016) 
and R=1 as filter loading effect is not significant in Arctic, Backman et al. 
(2017).

babs(λ )=
b ATN (λ)

C (λ)×R (λ)
(3)

Finally this absorption coefficient babs (Mm-1) is converted into equivalent BC 
concentration using wavelengthdependent MAC (m2g-1).

MAC(λ)=
babs(λ )

M BC(COSMOS )
(4)

Here we evaluate the accuracy and stability of conversion of babs into MBC. The 
measurement by COSMOS is to measure MBC. In this instrument, we have a 

Figure 1: Location of the Arctic sites
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heated inlet (300°C), which removes non-refractory components. COSMOS 
MBC values have been compared with single particle soot photometer (SP2) and
it was found that the measurement of MBC(COSMOS) and  MBC(SP2) agree 
within 10% Kondo et al., (2009, 2011); Ohata et al., (2019).

CONCLUSIONS

Data has been analyzed on a daily and hourly basis for all four sites. 

Table 1: MAC (Aethalometer - AE-31 ;λ  and r2 at Alert from 2018-2019

Wavelength (nm) MAC
(Hourly) R2 MAC

(Daily) R2

370 18.51 0.84 18.75 0.9
470 15.38 0.88 15.6 0.93
520 13.86 0.88 14.07 0.94
590 12.49 0.89 12.68 0.94
660 11.42 0.87 11.61 0.94
880 8.82 0.85 8.98 0.94
950 8.09 0.84 8.26 0.94

Table 2: MAC (Aethalometer - AE31 ;λ ) and r2 at Barrow from 2012-2016

Wavelength (nm) MAC
(Hourly) R2 MAC

(Daily) R2

370 16.6 0.79 15.93 0.83
470 13.84 0.81 13.31 0.85
520 12.33 0.82 11.88 0.87
590 11.19 0.74 10.77 0.86
660 10.33 0.82 10.01 0.87
880 7.92 0.82 7.74 0.87
950 7.23 0.81 7.09 0.86

Table 3:  MAC (Aethalometer - AE33 ;λ ) and r2 at Barrow from 2014-2016

Wavelength (nm) MAC
(Hourly) R2 MAC

(Daily) R2

370 18.66 0.92 18.96 0.94
470 13.75 0.92 14.22 0.95
520 11.74 0.93 12.14 0.96
590 10.23 0.94 10.58 0.96
660 8.87 0.96 9.18 0.97
880 6.43 0.94 6.64 0.97
950 6.12 0.94 6.32 0.97

 Table 5: MAC (Aethalometer - AE-31 ;λ  and r2 at Ny-Alesund from 2012-2019

Wavelength (nm) MAC
(Hourly) R2 MAC

(Daily) R2

590 10.21 0.9 10.06 0.9
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Table 6:  MAC (Aethalometer - AE33 ;λ ) and r2 at Pallas from 2019-2022

Wavelength (nm) MAC
(Hourly) R2 MAC

(Daily) R2

370 21.32 0.96 21.37 0.96
470 16.91 0.96 16.95 0.96
520 14.54 0.96 14.57 0.96
590 12.59 0.96 12.62 0.96
660 10.65 0.96 10.68 0.96
880 7.45 0.95 7.47 0.95
950 6.84 0.95 6.86 0.95

The MAC values has a spectral as well as temporal variation. The accuracy of 
MACcorr showed spectrally weak variation and similar values at these four sites.
The MACcorr estimated by this method at 590 nm varied 10.21 - 12.59 m2g-1  for 
1-hr and from 10.06 - 12.68 m2g-1  for 24-hr data at these sites.  The mean and 
median values at each location were as follows: Alert - 16.73 ± 3.21 m2g-1 and 
16.16 m2g-1 ; Barrow (AE-31) - 13.14 ± 2.81 m2g-1 and 12.93m2g-1 ; Barrow 
(AE-33) - 10.97 ± 1.89 m2g-1 and 10.32 m2g-1 ; Ny-Alesund - 15.14 ± 4.16 m2g-1

and 14.71 m2g-1 ; and Pallas - 13.89 ± 2.43 m2g-1 and 13.37 m2g-1 ,  respectively 
exhibiting weak seasonal and year-to-year variations (within 30% of the 
seasonal or annual mean values). We recommend scaling EBC measured with 
Aethalometer with the corrected MAC presented in this study to provide error-
constraint EBC at these sites.
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INTRODUCTION 

Acidity is one central parameter in atmospheric multiphase reactions, influencing aerosol formation and 

its effects on climate, health and ecosystems. Weak acids and bases, mainly CO2, organic acids and 

ammonia, are long considered to play a role in regulating atmospheric acidity. However, unlike the strong 

acids and bases, their importance and influencing mechanisms in a given aerosol or cloud droplet system 

remain to be clarified.  

METHODS 

Here, we investigate this issue with new insights provided by recent advances in the field, in particular the 

multiphase buffer theory (Zheng et al., 2020, Science). 

CONCLUSIONS 

We show that, in general, aerosol acidity is primarily buffered by ammonia, with a negligible contribution 

from CO2 and a potential contribution from organic acids under certain conditions. For fogs, clouds and 

rains, CO2, organic acids, and ammonia may all provide certain buffering under higher pH levels (pH>~4). 

Despite the 104~107 lower abundance of ammonia and organic weak acids, their buffering effect can still 

be comparable with that of CO2.  This is due to that the cloud pH is at the very far end of the CO2 multiphase 
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buffering range. This study highlights the need for more comprehensive field observations under different 

conditions, and further studies in the interactions among organic acids, acidity and cloud chemistry. 
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INTRODUCTION 

 
New particle formation (NPF) is estimated to produce between 40 and 80 % of all aerosol loading in the 
atmosphere and is therefore an important source of aerosol loading in the atmosphere (Dunne et al., 2016). 
If the pre-existing aerosol sink is large, such as in polluted areas, NPF is often suppressed to a significant 
degree. However, recent studies have concluded that NPF occurs even in the most polluted areas if the 
conditions are right. Po Valley is considered one of the most polluted areas in Europe as the area has many 
sources of anthropogenic pollutants, from industrial sites and power plants to agricultural activities and 
ship emissions from the Adriatic Sea. The surrounding mountains also modulate the air flows in the area 
and often trap pollution. In this study, we investigate the formation of new particles at Po Valley during 
spring 2022 by measuring the size distribution of aerosol particles and the concentrations of aerosol 
precursor vapors with a set of instrumentation specifically designed to study NPF.  
 

 
Figure 1. The formation rates of 1.7 nm (left) and 3 nm (right) particles in Po Valley between March 1st 

and April 30th. The red line shows the median concentration for each month and the blue box contains 50 
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percent (25th to 75th percentile) of all data points. The whiskers mark the location of the 95th and 5th 
percentile data points. 

 
 

 
 

METHODS 
 
 
We measured the size distribution of atmospheric aerosols between 1 and 800 nm by using a combination 
of instruments: A half-mini DMPS (Kangasluoma et al., 2018) to measure aerosols between 2-15 nm, a 
Hauke-type DMPS for measurements from 10 to 800 nm in size and a Particle Size Magnifier (PSM) 
(Vanhanen et al., 2011) to measure the smallest clusters between 1 and 3 nm in size. The measurements 
took place on a field at the San Pietro Capiofume meteorological station, about 25 km north-east of 
Bologna in the Po Valley and lasted between February 17th and May 7th, 2022.  Formation rates were 
calculated as presented in Kulmala et al (2012) for both J1.7 and J3. Days were classified based on the 
particle size distributions from the DMPS and PSM so that if a growing mode was visible in the DMPS it 
was considered a new particle formation event with growth (NPFE with growth) while those days where a 
growing mode was visible only in the sub-3 nm size distribution and no growing mode was visible in the 
DMPS, it was a new particle formation event with no growth (NPFE no growth). When neither instrument 
showed elevated nucleation mode concentrations, the day was considered a non-event.  
 
 
 

 
CONCLUSIONS 

Our analysis shows (Figure 1) that the median formation rate of 1.7 nm particles during growing event 
days is 10 cm-3 and during clustering event days the median formation rate is 6 cm-3. During non-event 
days the median formation rate is even lower, 1 cm-3. The formation rate of 3 nm particles is an order of 
magnitude lower, with the median formation rates being 0.14, 0.1 and 0.09 for growing events days, 
clustering event days and non-event days respectively. J1.7 has a maximum during midday, during both 
clustering and growing events, but shows no maximum during non-event days (Figure 2). However, the 
median formation rate during the daily maximum is over two times larger for growing events, showing 
that sufficient formation of clusters is required for particles to survive to larger sizes. As expected, the 
formation rate of 3 nm particles J3 has a clear diurnal cycle only during growing event days, while there is 
no clear diurnal cycle otherwise (Figure 2). We investigate the physicochemical processes behind growing 
and clustering events by analyzing gas-phase precursor measurements done with a nitrate-CI-APi-ToF and 
naturally charged cluster measurements done with an APi-ToF, which were simultaneously operated. We 
find that the specific precursor patterns and meteorology (mainly the seasonal pattern between polluted 
winter and cleaner spring) determine whether the clustering can turn into a growing NPF event with 
potential relevance to the atmospheric system.  
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Figure 2. The median diurnal cycles of the formation rate of 1.7 nm particles (left) and 3 nm particles 

(right) between March 1st and April 30th.  
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INTRODUCTION 

The Time-of-Flight Aerosol Chemical Speciation Monitor (ToF-ACSM) is a mass spectrometry 

instrument that uses fragmentation calculations to estimate the amount of nitrates, sulfates, ammonium, 

chlorides, and organics in non-refractory particles smaller than 1 micron in diameter (PM1). In recent 

years, development of the capture vapouriser (CV) has drastically reduced uncertainties in the ToF-

ACSM associated with particle bounce, though its use has led to some unintended side effects. Firstly, 

the CV’s different construction to the standard vapouriser (SV) means it is possible for the ToF-ACSM 

to detect refractory particles such as sea salt at lower temperatures compared to the SV. The other major 

side effect is that it changes the fragmentation patterns of many organic molecules (Hu et al., 2017) 

compared to that using the SV, meaning that marker ions for such molecules identified using the SV may 

not be useful when using the CV. 

This study analyses field CV-ToF-ACSM data from the Characterising Organic Aerosols Loading over 

Australia (COALA-2020) campaign located approximately 50 km southwest of Sydney, New South 

Wales, Australia between January and March 2020 during the historic Black Summer bushfires. Along 

with a range of collocated instruments, the data collected using the CV-ToF-ACSM during this campaign 

was used to evaluate how biomass burning organic aerosols (BBOA) in the field fragment when using an 

instrument with a CV. 

 

METHODS 

Different sources of organic aerosols (OA) are identified using the statistical receptor model Positive 

Matrix Factorisation (PMF), which decomposes the CV-ToF-ACSM OA measurements into a defined 

number of factors consisting of strongly correlated species. These factors are then correlated against 

concentrations of marker species measured by other instruments. The primary identifier of BBOA is 

filter measurements of levoglucosan, which was used alongside other biomass burning tracers like black 

carbon, carbon monoxide, and acetonitrile. 
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As the measurement site is close to the coast and the instrument has the potential to easily detect sea salt, 

marker ions of sea salt identified by Freney et al. (2021) were also included in the CV-ToF-ACSM’s 

fragmentation table for organic species. If substantial concentrations of sea salt are detected in the 

instrument, a factor consisting of sea salt marker ions would be expected to appear in the PMF solution. 

Radon-222 measurements were also used to verify the presence of a sea salt factor, as a negative 

correlation with radon suggests a marine particle source. 

 

CONCLUSIONS 

An oxygenated OA (OOA) factor as well as a sea salt factor were identified in a four-factor PMF 

solution, with the OOA factor accounting for a large majority of OA mass (47.11 %). The OOA factor, 

characterised by a dominant peak at 44 amu, was also the factor that correlated best with levoglucosan (r 

= 0.85). With OOA representing aged particles produced by the oxidation of fresh OA particles from a 

range of sources including biomass burning, this result suggests that the presence of OOA was so 

ubiquitous that it was difficult to distinguish their physical sources from fresh BBOA. This is consistent 

with the conditions during the collection period, where the amount and intensity of the bushfires were so 

high that even after the worst of the bushfires had subsided, a large amount of smoke remained in the 

area. To investigate marker ions for BBOA using a CV-ToF-ACSM more reliably, it is likely that 

measurements from more typical biomass burning events will be required. 

The sea salt factor was identified by the peaks at 23, 35, 36, 37, 38, 58, and 60 amu; with the ratios of 

35:37, 36:38, and 58:60 reflecting the isotopic ratio of 35Cl to 37Cl. This factor contributed 11.68 % to the 

total OA mass and was the only factor to be negatively correlated with radon (r = -0.27). 
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INTRODUCTION 

 

The western part of Japan, especially the Kyushu region, is located downwind of the monsoon from the 

Asian continent from winter to spring, which transports air pollutants such as PM2.5. In recent years, PM2.5 

concentrations in East Asia have been decreasing due to environmental measures taken by China and other 

countries. In Japan as well, PM2.5 concentrations are decreasing due to the decrease of transboundary 

transport and the annual average concentration of PM2.5 in Japan in 2020 was 9.5 μgm-3 for the monitoring 

station located at the residential areas. However, the World Health Organization (WHO) lowered the 

recommended value for the annual average from 10 to 5 μgm-3 in September 2021, and in comparison, the 

annual average concentration in Japan is still high. It is also not yet clear whether it is particulate matter 

such as PM2.5 or the chemical composition contained in particulate matter that affect human health. We 

observed PM2.5 and its chemical composition in Fukuoka, Japan. In this study, we analyzed cases of high 

concentrations of PM2.5 and its chemical components in the spring of 2020 and 2021 using data on ionic 

components, polycyclic aromatic hydrocarbons (PAHs), trace metal elements, carbon components, and gas 

components. The sources were also estimated using backward trajectory analysis and factor analysis 

methods. 

 

METHODS 

 

Located in the western part of Japan, Fukuoka is one of the largest cities with a population of approximately 

1.5 million people, including various local sources i.e. a commercial district, a port and an airport, and an 

urban highway within the area. Its location in the western part of Japan is affected by transboundary air 

pollution due to the monsoon from the Asian continent from winter to spring. 

The PM and gas observation methods and the data used in this analysis are similar ones as was used in the 

previously published paper (Yoshino et al, 2022). We analyzed the data in spring 2020 and 2021. A brief 

description of the observation methods and data is given below. PM was collected by a high-volume air 

sampler (HV-RW, Sibata Scientific Technology, Ltd) with a slit-type PM2.5 separator installed on the roof 

of the National Hospital Organization Fukuoka Hospital (Minami-ku, Fukuoka City) at a flow rate of 1000 

Lmin-1 on a fluoroplastic binder glass fiber filter (TX40HI20WW, Pall Corporation). Atmospheric samples 

were collected for 24 hours. The filter was cut for PAHs and ion analysis, and PAHs were analyzed by 
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Kanazawa University (Pham et al., 2022), and ions were analyzed by the National Institute for 

Environmental Studies (NIES). For ion analysis, the filters were immersed in ultrapure water, sonicated, 

and filtered through a disk filter (pore size 0.45 µm), and the ion components were analyzed by ion 

chromatography (Prominence, Shimadzu Corporation) (Yoshino et al, 2022). 

For PM2.5 mass concentration, the data measured by the Fukuoka City Hall monitoring station was used. 

Data published by the Ministry of the Environment Japan were used for metal elements and carbon 

components (organic carbon (OC) and elemental carbon (EC)). Meteorological data were from the Fukuoka 

District Meteorological Observatory. Ozone was measured at Fukuoka University by NIES using an ozone 

monitor (Model 49i, Thermo Fisher Scientific Inc.) (Yoshino et al, 2022). 

NOAA's HYSPLIT (The Hybrid Single-Particle Lagrangian Integrated Trajectory model) system (Stein et 

al., 2015, Rolph et al., 2017) was used to investigate air mass transport pathways. The Chemical Weather 

FORecasting System (CFORS) was also used to analyze the transport of sulphate ions and dust in East Asia. 

 

RESULTS AND DISCUSSION 

 

Mass concentrations of major ionic components in PM2.5 observed in spring 2020 and 2021 are shown in 

Figure 1. The variability of PM2.5 and chemical components such as SO4
2- was generally consistent, while 

PAHs and SO4
2- sometimes showed different variability.  

 

Figure 1. Time series of ionic and PAHs components in PM2.5 observed in Fukuoka City, Japan 

in spring 2020 (upper) and 2021 (lower). 
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The mean concentration and standard deviation (σ) were calculated for PM2.5 and chemical components for 

February-April 2020 and 2021, and high concentration days were defined as days with a concentration 

greater than the mean concentration + 1σ value. The average concentrations of PM2.5 and major chemical 

components are summarized in Table 1. 

 

 

Year 
PM2.5 

/µgm-3 

Nitrate 

/µgm-3 

Sulphate 

/µgm-3 

Total Ions 

/µgm-3 

Total PAHs 

/ngm-3 

Total metals 

/µgm-3 

2020 12.4 1.20 2.62 5.60 0.75 1.32 

2020 (high conc.) 25.2 3.76 6.07 13.4 1.85 3.14 

2021 12.7 1.41 2.52 5.57 1.11 1.46 

2021 (high conc.) 24.2 4.27 4.98 12.3 3.91 4.00 

 

Table 1. The average concentrations of PM2.5 and major chemical components observed from February to 

April and on high concentration days (high. conc.). 

 

For the high concentration days for each component, the pathways along which air masses were transported 

were examined by backward trajectory analysis using HYSPLIT to investigate whether there was a 

relationship between concentration fluctuations and transport pathways (Figure 2). The results for spring 

2020 and 2021 are summarized below, in which the trends are same for both 2020 and 2021. 

 

✓ On most of high concentration days of PM2.5 and chemical components, air masses were arriving in 

Fukuoka via China and Korea (Figure 2 (a)). 

✓ When PAHs were at high concentrations, they were often transported to Fukuoka via the East China 

Sea and the Korean Peninsula, but when only PAHs were at high concentrations, they reached Fukuoka 

via the Seto Inland Sea and Kitakyushu City in Japan (Figure 2 (b)). 

✓ On days when only sulphate ions were high, the air masses reached Fukuoka by moving northward 

from the southern seas of Japan. It is thought that this was influenced by volcanoes such as Sakurajima 

and Suwanosejima (Figure 2 (c)). 

 

 

 

 

Figure 2. Examples of backward trajectory analysis on high concentration days of (a) PM2.5 and chemical 

components, 10 February, 2020, (b) PAHs, 18 March, 2021, and (c) sulphate, 26 March, 2020. Closed 

triangles indicate volcanoes. 

 

(a) (b) (c) 
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Thus, PAHs and sulphate ions could have higher concentrations due to different sources than each 

component of PM2.5. The presentation will include a more detailed analysis of the spring 2021 data and 

source estimation using factor analysis such as the Positive Matrix Factorization (PMF) method. The air 

quality model will also be used to estimate the contribution of transboundary air pollution and local pollution. 

 

 

CONCLUSIONS 

 

We observed concentrations of PM2.5 and its chemical composition in Fukuoka in the spring of 2020 and 

2021. PM2.5 and many chemical components showed similar concentration variations, but PAHs and 

sulphate sometimes showed different variations. We defined high concentration days of PM2.5 and chemical 

components and analyzed air mass pathways on high concentration days. On high concentration days of 

PM2.5 and chemical components, air masses reached Fukuoka from China and Korea. On days of high 

concentrations of only PAHs, the air masses sometimes passed through the Seto Inland Sea and Kitakyushu 

City in Japan. On days of high sulphate concentration only, the air masses reached Fukuoka over the 

southern seas of Japan and was probably influenced by volcanoes such as Suwanosejima and Sakurajima.  
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INTRODUCTION 

 

The phenomenon of NPF event occurs widely in various atmospheric 

environments all over the world (Nieminen et al., 2018; Lee et al., 2019).. 

The key role of sulfuric acid in this process has been extensively studied 

and a variety of different models have been proposed, while gaseous 

sulfuric acid concentrations above 105 molecules per cubic centimeter have 

been shown to be necessary for atmospheric NPF induction(Berndt, T et al 

2010) 

Dust is an important factor affecting the quality of atmospheric 

environment, especially in northern China. In recent years, although the 

frequency of sand-dust weather in Beijing has decreased, its impact on 

people's life and atmospheric environment can not be ignored. At the same 

time, dust will also react with trace gases in the atmosphere, changing the 

chemical and physical properties of aerosols(Usher, C. R. et al 2003). 

In previous studies, it was thought that there was no correlation between 

NPF events and dust, because high background aerosol concentration would 

lead to high condensing sink and coagulation sink, which would more 

quickly remove low-volatile vapors (such as sulfuric acid) and small 

clusters.(Wei Nie et al 2014) However, some recent observations have 

shown that NPF events occur under high aerosol background conditions.  

 

METHODS 
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  Our observation site is located at the top of the fifth floor of the West 

Campus of Beijing University of Chemical Technology, Haidian District, 

Beijing. It is located in the West Third Ring road of Beijing, near the road 

and residential areas, and there is no emission from heavy industry nearby. 

It is a typical urban site. 

For the selection of dust cases, we used the PMF particle source analysis 

method to select in 2019. The PNSD were obtained from a PSM system and 

a DMPS system(Markku Kulmala et al 2012). At present, the uncertainty 

range of PSM measurement is acceptable, mainly measuring aerosol particle 

size spectrum below 3nm. The DMPS used at the site were developed by the 

University of Helsinki to measure aerosol particle size spectrum at 6-

840nm. For the observation of sulfuric acid, the main use(T. Jokinen1 et al 

2011) of chemical ionization atmospheric pressure interface time-of-flight 

mass spectrometer (CI-APi-TOF), this kind of mass spectrometry time 

resolution can be as low as one second, its detection limit can also reach 

3.6*104 per cubic centimeter. Metal concentration of particulate matter in air 

was obtained by heavy metal analyzer. 

 

RESULTS AND COBCLUSION 

 

For the Beijing in 2019, we found a total of 10 dust events. Among these 

10 events, there were 12 NPF events related to dust, and 11 of them were 

events that grew to about 100nm. Further, the influence of dust on NPF 

events is divided into two types: NPF occurring simultaneously with dust 

and NPF occurring after dust. Among the 10 dust events, 6 new particle 

generation events occur at noon of the day when dust is about to end (Type 

1), and 4 occur during dust. It is accompanied by a higher condensing sink 

(Type2). Meanwhile, in some cases, we also found abnormal peaks in PM 

coarse along with sulphuric acid and particulate matter below 3nm (Type 3) 

during the analysis. All these phenomena suggest that there may be some 

heterogeneous chemical reactions on the dust surface, which promote the 

formation of sulfuric acid and particles below 3nm. Previously, some studies 

have reported that Biwu Chu, who used pure TiO2 in the smoke box and 
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connected it with SO2, detected the promoting effect on NPF events. For 

example, Yoan Dupart, who used purchased artificial dust samples in the 

flow pipe, detected the change of particle number concentration. 

In Type1, the new particle generation event occurs at the end of the dust, 

and the comparison between inorganic salts of the day and inorganic salts of 

the dust period can be seen (FIG. 1), indicating that this type of NPF event 

is due to the transit of the cold front, the existing particles and pollutants in 

the atmosphere are blown away by the wind, and the concentration is 

reduced. However, this clean condition is more suitable for the generation 

and growth of new particles. This type of new particle generation event has 

nothing to do with the dust itself. 

 

  
Fig.1 Comparison of inorganic salts in dust and NPF days  

 

Although Type3 has the peak value of sulfuric acid and the particles, due 

to the high background aerosol concentration brought by dust, the newly 

formation particles are easy to be captured by large particles due to 

coagulation, so it is difficult to form a complete NPF event. However, it can 

also be found that, dust, sulfuric acid and particles below 3nm have good 

coincidence peaks (FIG. 2). 
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Fig.2 Correlation of PM coarse with sulfuric acid and 3nm particulate 

In Type2, a complete NPF process is formed in the dust process (FIG. 3), 

which is often accompanied by high condensing sinks and coagulation 

sinks, which is contrary to our previous understanding. This phenomenon 

may indicate that sulfuric acid and new particle are being created on the 

dust surface at a rate that exceeds their loss rate and is sufficient to form a 

complete NPF. This kind of phenomenon was also found in the article of 

Nie Wei before, but due to the limitation of technical means at that time, 

there was no better in-depth study. And follow-up research is under way. 

 
Fig.3 NPF events and dust occur simultaneously 
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 Atmospheric aerosols play an important role in the global energy balance by absorbing or 

scattering solar radiation in what is known as “aerosol-radiation interactions”, and by acting as cloud 

condensation nuclei (CCN) in “aerosol-cloud interactions” (Boucher et al., 2013). CCN concentrations 

affect cloud albedo, fraction and lifetime, which in turn affects surface temperatures, and is important 

for ecosystems such as the Great Barrier Reef (GBR) Marine Park. Despite this, characterisation of 

aerosols in the GBR remains incomplete (Cropp et al., 2018).  

 This work aims to characterise sources and transport of CCN over the GBR Marine Park. The 

work combines measurements collected during six voyages – two aboard Australia’s RV Investigator 

(IN2016_v05, IN2019_T02), one aboard Schmidt Ocean Institute’s RV Falkor (FK201122) and one 

taken as part of the Reef Restoration and Adaptation Program (RRAP) Cooling and Shading sub-

program. The voyage details are shown in Table 1.  

Table 1: Details of voyages analysed by this work. Aside from 

Darwin (located in the Northern Territory, Australia), all locations 

are in Queensland, Australia. 

Voyage Code Vessel Dates Location 

IN2016_V05 RV 

Investigator 

26/09/2016 – 

26/10/2016 

Brisbane – 

Cairns 

IN2019_T02 RV 

Investigator 

04/10/2019 – 

14/10/2019 

Brisbane – 

Darwin  

FK201122 RV Falkor 22/11/2020 – 

22/12/2020 

Brisbane – 

Gladstone  

2022_02_CS02 RV Magnetic 

/RV Guardian 

27/01/2022 – 

22/02/2022 

Broadhurst 

Reef  

 

 

Figure 1 (right): Voyage track Voyage tracks of campaigns analysed by this work. The red, blue, and green tracks 

represent IN2016_v05, IN2019_T02 and FK201122, respectively. The purple dot shows the location of 

Broadhurst Reef (2021_03_C02, 2021_12_CS07, 2022_02_CS02) 
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Aerosol-cloud interactions have a large uncertainty in climate models (Boucher et al., 2013). 

Observations collected during these campaigns can be used to improve climate models in the region 

and predictions of the longevity of the reef. In addition, data collected over the GBR will be utilised 

within the RRAP to examine the inherent sensitivity in cloud radiative forcing over the GBR to CCN. 

The RRAP is a collaboration of Australia’s leading experts to create a suite of innovative and 

targeted measures to help preserve and restore the Great Barrier Reef. One such innovation is the 

Cooling and Shading subprogram, which aims at increasing local cloud albedo over the GBR by 

increasing the amount of available CCN for cloud formation. It is important for this subprogram that 

the existing CCN climatology be well understood, so that the effects of any interventions can be 

understood and quantified. 

Particle number concentration, size distributions, CCN concentrations and activation diameters, 

and particle composition measurements are analysed across the four campaigns to develop a CCN 

climatology of the Great Barrier Reef marine park. The four campaigns take place in the southern 

hemisphere spring/summer months spanning six years, allowing temporal changes and changes due to 

effects such as La Nina or El Nino to be investigated.   
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INTRODUCTION

Atmospheric aerosol particles affect climate through direct radiative effects and by acting as cloud
condensation nuclei (CCN) (IPCC, 2021). In Hyytiälä, Finland, atmospheric new particle forma-
tion, the formation and growth of aerosol particles due to gas-to-particle conversion (Kulmala et al.,
2004; Dal Maso et al., 2005), has been observed to increase CCN concentrations by more than 70%
(Sihto et al., 2011), demonstrating how aerosol production of an area or environment due to NPF
can have a considerable impact on its total climate impact. Thus, to asses the potential climate
effects and feedbacks of for example, a boreal forest area, the aerosol production due to NPF in that
area should be quantified in addition to factors such as carbon sink and surface albedo (Kulmala et
al., 2020). To be able to accurately describe and combine the influence of these different factors, we
want to represent local NPF with footprint area of similar magnitude as for CO2 fluxes measured
by eddy covariance measurements.

In this study we consider the suitability of atmospheric ions of different sub-3 nm sizes for indication
of limited scale new particle formation using air number size distribution data measured by Neutral
cluster and Air Ion Spectrometer (NAIS) (Mirme and Mirme, 2013) from SMEAR II station in
Hyytiälä (Hari and Kulmala, 2005). Our aim is to find an atmospheric ion size that well represents
local particle production due to NPF, while having minimal influence on the concentrations due to
transport of ions.

METHODS

Ion number size distribution data from 2016 to 2020 measured by NAIS (Mirme and Mirme, 2013)
at the SMEAR II measurement station in Hyytiälä, southern Finland (Hari and Kulmala, 2005),
were used in the analysis. The site is surrounded by boreal, relatively homogeneous Scots pine
forest.

Data was used from all seasons and all days, regardless of whether NPF had been observed to occur
during the day. Concentrations from four different size bins of the instrument were investigated.
The median diameters and approximate ranges of the investigated size bins were dbin ≈ 1.868
(1.733–2.008), 2.158 (2.008–2.32), 2.493 (2.32–2.68), and 2.88 (2.68–3.096) nm.

Median diurnal curves of the ion concentrations were determined by dividing the data into 30 minute
time bins based on which the median values for each 30 minute of a day were determined. Based
on these diurnal curves we could estimate how well ions of different sizes statistically represent
particle formation. In addition, the correlation between ion concentrations in the different size bins
and neutral particles between 3-6 nm measured with negative charging was evaluated.
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CONCLUSIONS

Figure 1: a) The median diurnal number concentrations of ions of diameters dbin ≈ 1.868, 2.158,
2.493, and 2.88 nm in Hyytiälä, southern Finland. b) Median daily (08:00-16:00, local time)
concentrations of negative ions with diameter dbin ≈ 2.158 nm versus concentrations of particles
with diameters between 3 and 6 nm. Spearman correlation coefficient r has been included, showing
high correlation between the two concentrations.

We have found that negative ions of diameter dbin ≈ 2.158 nm are best suited for representing local
aerosol production. The influence of constant background ion concentrations for this size is much
lower than for smaller sizes, and ions of smaller sizes do not accurately show the relative strength of
NPF, which is important for estimating the climate impact of aerosol production. In addition, the
influence of transport on ion concentrations in dbin ≈ 2.158 nm is estimated to be considerably lower
than for larger sizes, and the ions of this size are estimated to be on average mostly originating from
within a one kilometer radius. Finally, negative ion concentrations in dbin ≈ 2.158 nm show strong
correlation with 3-6 nm particles, indicating that they can be applied to predict the production
of particles with diameters larger than themselves. Next step will be estimating the relationship
between negative ions of dbin ≈ 2.158 nm with particles eventually growing to CCN sizes.
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INTRODUCTION 

Vehicular emissions contribute to ambient fine particulate matter (PM2.5) through engine 

exhaust and non-exhaust emissions e.g., road dust (An et al., 2019; Fuzzi et al., 2015). Exposure 

to emissions from heavily trafficked roadways can lead to adverse health effects, including 

dementia, Parkinson's disease, lung cancer, cardiovascular and respiratory diseases 

(Annavarapu and Kathi, 2016; Chen et al., 2017; Halonen et al., 2016). Road dust caused by 

traffic-generated turbulence has attracted considerable research interest in recent years (Chen 

et al., 2019; Kong et al., 2011; Niu et al., 2019; Shakya et al., 2017). Most of these studies were 

based on filter measurements, influenced by artificial artifacts occurring during filter sampling 

and poor temporal resolution (e.g., 24 h mean), which have failed to provide sufficient 

information e.g., the diurnal variation. Moreover, lack of long-term roadside measurements of 

road dust limits our understanding of its recent trend and our ability to predict future emissions. 

In particular, as the number of vehicles is increasing (Jin and He, 2019; Wang et al., 2019), the 

corresponding road dust is expected to increase however, this remain poorly investigated in 

real-world conditions because of the lack of long-term roadside data. 

In this study, markers for engine exhaust (EC), and road dust (calcium; Ca), were measured, 

along with the major components of PM2.5, at an hourly resolution at a roadside near a highway 

in Shanghai from 2016 to 2019. A random forest-based machine learning algorithm (Grange 

and Carslaw, 2019; Grange et al., 2018) was applied to train the model to rebuild the measured 

EC, Ca, PM2.5, and NOx using meteorological and temporal variables as the model input. The 

SHapley Additive explanation (SHAP) algorithm (Lundberg et al., 2020; Oukawa et al., 2022) 

was used to understand the physical and chemical processes that govern the measured EC, Ca, 

and PM2.5. Finally, a trend analysis was performed after meteorological normalization to reveal 

the deweathered changes over the four years. 

METHODS 

2 Methods 

2.1 Sampling site 

Hourly samples of EC and Ca in PM2.5 were collected for four years at the Dianshan Lake (DSL) 
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supersite (31.09° N,120.98° E, approximately 15 m above ground), located in Qingpu District 

in western Shanghai. 

2.3 Data analysis 

2.3.1 Random Forest modeling set-up and validation 

A decision-tree-based random forest model was developed to understand the trends of the 

observed EC, Ca, PM2.5, and NOx individually over the four years (2016–2019). EC was used 

as a marker of traffic exhaust emissions as traffic was its main contributor in Shanghai (Jia et 

al., 2021), whereas Ca was used as a marker of non-exhaust emissions (i.e., road dust) (Chang 

et al., 2018). The diurnal patterns of EC, and Ca show elevated concentrations during rush hour, 

which is consistent with its traffic-induced emission pattern. However, Ca may be occasionally 

associated with dust storms in spring, leading to the observed spikes. 

Four random forests were developed, when the meteorological (ws, wd, air_temp, RH, 

rainfall, and pressure) and, time (date_unix, day of the year (day_julian), weekday, hour of the 

day, and day of the lunar year) variables for each random forest were used as model inputs. 

Eighty percent of the dataset was randomly selected as the training dataset, whereas the 

remaining 20% used to validate the models using the latest “rmweather” R package (Grange et 

al., 2018). To develop a tree, the number of independent/explanatory variables was set to three. 

The number of trees in the forest was set to 300, following Grange et al. (2018). 

2.3.2 Meteorological normalization 

For each target pollutant, meteorological normalization was performed by repeatedly 

resampling the explanatory variables (only meteorological variables included) and predicting 

the values at a specific time on a rolling basis over four years using deweathering techniques 

(Vu et al., 2019). The input meteorological variables (ws, wd, air_temp, RH, rainfall, and 

pressure) were randomly resampled from the original dataset (Vu et al., 2019). The resampled 

meteorological variables were subsequently fed to the random forest model to predict the 

dependent variables (EC, Ca, PM2.5, and NOx). This process was repeated 1000 times for each 

target variable. The corresponding 1000 predictions were arithmetically averaged to obtain 

meteorologically normalized or deweathered pollutants (Dai et al., 2021; Shi et al., 2021), i.e., 

the deweathered pollutants were not affected by a specific meteorological condition at a 

particular time. 

2.3.3. Feature importance analysis 

SHAP can be used to explain the output of any machine learning model (Lundberg et al., 2020; 

Oukawa et al., 2022). The SHAP (https://github.com/slundberg/shap) method was applied to 

evaluate the importance of the meteorological variables in predicting each target pollutant. 

SHAP uses an additive feature attribution method to produce an interpretable model (Lundberg 

et al., 2020), which quantified the contribution of the input meteorological variables to a single 

prediction at a specific time, producing a SHAP value in the same unit as the target pollutant. 

In this study, only the morning rush hour data (6:00–10:00) of the study period were used as 

model input to minimize the impact of daily variation on the pollutants. 

CONCLUSIONS 
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In this study, hourly EC and Ca in PM2.5 from highway sampling site in Shanghai were collected 

from 2016 to 2019, and were analyzed using a random forest-based machine learning algorithm. 

Four random forests were developed with satisfactory performances. Based on machine 

learning, the predicted values agreed well with the observed values, with R2 >0.70. The effects 

of temperature and RH, as well as ws and wd on the observed values were revealed through the 

SHAP algorithm. After meteorological normalization, we showed that PM2.5, decreased by -6.4% 

year−1 over four years (Figure1). As an important source of PM2.5, vehicular exhaust emissions, 

i.e., EC, also decreased but at a rate slower than that of PM2.5. Thus, direct particulate emissions 

from traffic were suggested to become increasingly important, despite the decrease in traffic 

emissions. Moreover, road dust, as opposed to engine exhaust, which cannot be directly 

controlled by aftertreatment technology, was suggested to be become increasingly important. 

The fraction of Ca in PM2.5 showed an increasing rate of 6.1% year−1, roughly twice that of BC. 

The results from this study suggest that road dust will not abate even with cleaner on-road 

traffic owing to advances in aftertreatment technology and stricter emission standards. Such a 

trend may be exacerbated by global warming, leading to a drier atmosphere (i.e., low RH) in 

certain areas, inducing higher emissions of road dust from on vehicles. 
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Figure 1. Monthly average (a) PM2.5 (μg m-3) (b) fraction of EC in PM2.5; and (c) fraction 

of Ca in PM2.5, and (d) NOx before (i.e., observation) after meteorological normalization 

(i.e., model). The red line represents the trend analysis of PM2.5 using the Theil-Sen 

estimator, with values above representing the modelled trend and the 95% confidence level. 
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INTRODUCTION

Due to the homogeneous freezing of water, the properties of supercooled water are difficult to
measure at temperatures below 233 K. Previous experiments to study the properties of supercooled
water use very rapid cooling, small droplet volumes, or high pressures to keep the probability of
freezing low. Here we explore the approach of determining the saturation pressure of water below
233 K from measurements of homogeneous ice nucleation in aqueous solution droplets. Measure-
ments of the probability of homogeneous ice nucleation as a function of relative humidity with
respect to ice (RHice) and temperature, as well as solute specific water uptake, are used in the
theoretical framework of Koop et al. (2000) to find solutions for water saturation pressure that
bring Koop’s approach into agreement with measurements.

METHODS

Homogeneous freezing data from salts without any heterogeneous ice nucleation ability are used for
the analysis. Ice nucleation experiments are conducted using a modified version of the SPectrometer
for Ice Nucleation (SPIN) chamber (Welti, 2020) capable of exposing test particles to temperatures
down to 208 K and variable humidity. Particles are prepared using a combination of atomizer,
dryer, and size selection with a differential mobility analyzer. Salt particles introduced into the
SPIN chamber absorb water and equilibrate to the thermodynamic conditions inside the chamber.
Towards lower temperatures, more concentrated solution droplets that are in equilibrium at lower
supersaturation are expected to start freezing. To account for various solute effects and droplet
size, the growth factors of the salt particles used are measured with a humidified tandem differential
mobility analyzer or taken from the literature.
The results of experiments on homogeneous nucleation are shown in Fig. 1(a) in terms of 1% frozen
fractions of solution droplets. The derived conditions of supercooled water saturation are shown in
Fig. 1(b).

CONCLUSIONS

When using the estimated water saturation pressure of Murphy and Koop (2005), the measured
isolines of homogeneous freezing probability diverge slightly from the theoretical estimates based
on Koop et al. (2000). Using the measured isolines of homogeneous freezing as input for solving
the equations for water saturation pressure, the results follow estimations, e.g., of Holten et al.
(2012), shown in Fig. 1(b) , which account for a high- to low-density liquid-liquid phase transition
in the homogeneous freezing regime, visible as a dip and change in slope of the water saturation
line. The use of updated estimates of the saturation pressure of supercooled water can improve the

346



Figure 1: (a) Measured conditions (RHice, temperature) at which 1% of solution droplets freeze.
For comparison, the freezing conditions predicted by Koop et al. (2000) and the homogeneous
freezing line of aqueous sulfuric acid aerosol particles proposed by Schneider et al. (2021) are
shown. DSL indicates conditions above which droplets interfere with the detection of the activated
fraction. Water saturation from Murphy and Koop (2005) is shown in (a) and (b) as reference line.
(b) Water saturation conditions derived from the measurements shown in (a). For comparison, the
water saturation lines from Holten et al. (2012), Murphy and Koop (2005), and Nachbar et al.
(2019) are shown.

discrimination between homogeneous and heterogeneous ice nucleation in experiments and refine
the simulation of homogeneous ice nucleation in high-altitude cirrus clouds.
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INTRODUCTION 

Cloud seeding to control precipitation and manage drought has been well-documented (Bowen, 1952; 

Mather, 1997; Bruintjes, 1999). Direct observation of tracing material in seeded clouds has been an elusive 

challenge in cloud modification experiments (Rosenfeld, 2010), undermining the efficacy of such programs 

(Ryan, 1997; Silverman, 2003). Here we show novel measurements made by a mini Aerosol Mass 

Spectrometer (mAMS, Aerodyne Research Inc, Billerica, MA, USA; Jayne, 2000; Decarlo, 2006; 

Canagaratna, 2007; Drewnick, 2015) on board a research aircraft tracing flare particles. This study observed 

increased large-diameter droplet concentration, with seed flare aerosol as cloud residuals, lofted up to 2.25 

km above the cloud base in convective clouds. 

The Indian Institute of Tropical Meteorology, Pune, in collaboration with Aerodyne Research Inc., USA, and 

Droplet Measurement Technologies, carried out this experiment during the Cloud Aerosol Interaction and 

Precipitation Enhancement EXperiment (CAIPEEX; Gayatri, 2023) phase IV in 2019, in Solapur, India. This 

portion of the CAIPEEX project studied the effects of seeding on Monsoon clouds. This work observed 

cloud seeding effects and the chemical signature of cloud seeding flares by a mAMS on an airborne 

platform.  

Cloud seeding, a widely used geoengineering technique to induce precipitation and seeding impacts, is well-

studied (Flossman, 2019). Typically, SF6, as a tracer, identifies the base of seeded clouds (WMO, 2000; 

Stith, 1986; Bruintjes, 1995); however, SF6 has a multi-century lifetime in the atmosphere and is the most 

potent greenhouse gas (Ravishankara, 1993; Hodnebrog, 2013; Ray, 2017). This work is driven by the need 

for a low-impact means to study the effect of flare aerosol (Tessendorf, 2012). Using a mAMS we directly 

measured seed particles as cloud residuals in real-time. 

METHODS 

A research aircraft characterized cloud microphysical properties through wing-mounted liquid water content, 

cloud droplet, and particle imaging probes (LWC, CDP, PIP; Droplet Measurement Technologies, 

Longmont, CO, USA) and chemical composition by an onboard mAMS. The mAMS sampled interstitial 

non-cloud aerosol through a traditional inlet and cloud residuals through a counterflow virtual impactor 

(CVI; Brechtel Inc.; Shingler, 2012). Due to limited field calibrations, the concentrations presented here are 

nitrate equivalent.  

These experiments launched flares from aircraft to measure their cloud seeding effect. Potassium perchlorate 

(KClO4) was the flare's oxidizing agent, and calcium chloride (CaCl2) was the hygroscopic seed (Hindman, 
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1978; Bruintjes, 2012). mAMS aircraft measurements identified cloud residual ions of the oxidant (K) and 

seed agent (Cl). These measurements are the first observations of hygroscopic flare particles in a seeded 

cloud without a tracer gas.  

In laboratory experiments of atomized CaCl2, shown in Figure 1, we observed slow vaporization of 

refractory chloride. This slow vaporizing Cl, traditionally non-refractory, can be used as an indicator of the 

cloud seed material. K measured in this study within hypothesized seeded clouds was also semi-refractory, 

with similar slow vaporization.  

The slow vaporization of these semi-refractory ions, K and Cl, in the mAMS is corrected by their specific e-

folding time to match the timing of the physical cloud space intercept for NO3, SO4, and liquid water content 

(LWC) (Giordano, 2018). The e-folding times, found experimentally, were 6.7 ± 2.3 for K and 3.3 ± 0.8 for 

Cl. Figure 2 exhibits the correction for Cl during a seeded cloud intercept example on August 23rd, 2019. 

Repeated intercepts through the same, identifiable cloud at differing altitudes by the research 

aircraft provide a framework for comparing the chemical composition and physical attributes before and 

after seeding (Hindman, 1978; Bruintjes, 2012). Observation of slow vaporizing K and Cl in known seeded 

clouds allows for experimental verification of this technique. Thus, with this methodology, and known flare 

precursors, the mAMS can, in real-time, identify seeded clouds. 

RESULTS 

The mAMS observed an enhancement of sulfate (SO4), nitrate (NO3), potassium (K), and chloride (Cl) ions 

in seeded cloud intercepts (SCI) over non-seeded cloud intercepts (NSCI) in over 70 successful cloud 

Figure 2: Example of slow vaporization correction for refractory Cl during CAIPEEX 2019. 

Figure 1: Example of slow vaporization of CaCl2 from laboratory experiments. 
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intercepts (Figure 3). The concentration of K and Cl in SCI increased by over ten-fold compared to NSCI. 

This increase in the chemical signature of seed ions was only observed in clouds downwind of the flare 

launch site and often lofted well above the launch altitude. This lofting is the expected result of successful 

cloud seeding (Mather, 1997).  

Observations of an example cloud interaction from 7:49-8:28 AM on 8/23/2019 exhibit a pre- and post-seed 

cloud change (Figure 4), with a significant increase in tracer concentration. The cloud had minimal droplets 

larger than 100nm before seeding. The cloud underwent rapid hygroscopic growth immediately after the 

flare launch. We measure an increase in the chemical signature of the flare as refractory K and Cl in the 

cloud after seeding. Hygroscopic seed and oxidant aerosols from the flare, launched at ~2500 m a.s.l., were 

observed lofted over 2km vertically in the cloud. The top SCI had a 400% increase in large droplets and a 

greater than ten-fold increase in nitrate, Cl, and K compared to NSCI.  

CONCLUSIONS 

After multiple seeding experiments, an airborne mAMS measured an enhancement of refractory K and Cl 

ions in convective clouds. K and Cl are components of the seed and oxidant in the flare used for this study 

Figure 3: Time series of seed intercept chemical signatures and altitude from cloud passes in Solapur India, from 

CAIPEEX 2019. 

Figure 4: Six passes through the same cloud at various altitudes before and after cloud seed flare release showing 

aerosol background, flare seed aerosol, and droplet concentration from CAIPEEX IV 2019 in Solapur India. 
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and, thus, are ready tracer ions for seeded cloud experiments. This work supports that this cloud seeding 

signature is traceable by mAMS. These seed aerosols were carried to higher altitudes by updrafts, implying 

active seeding effects even after cloud processing of the aerosols. This implementation can lower costs and 

greenhouse emissions associated with traditional SF6 trace and release. Using a mAMS in cloud seeding 

experiments allows for the real-time tracking of flare plumes, which can inform the application and measure 

the impact of cloud geoengineering. 
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INTRODUCTION

In recent years nanoplastics, i. e. plastic-derived nanoparticles with diameters smaller than 1
µm (Velimirovic et al., 2021), have been identified to be novel pollutants of anthropogenic origin
(Materić et al., 2022). Nanoplastic dispersion across various ecosystems indicates that pollution
arising from these particles is a global-scale problem (Amobonye et al., 2021; Materić et al., 2022).
As research interest is growing, new sampling and characterization methods are urgently needed
to yield first insights into fundamental properties of nanoplastic aerosols (Wlasits et al., 2023).
Recent research has shown that aerosolized nanoplastics can be reproducibly generated from the
controlled evaporation-condensation of macroplastics (Wlasits et al., 2022). The presented method
enabled research on heterogeneous nucleation onto airborne nanoplastic particles (Wlasits et al.,
2023).
Here we present the results of a set of experiments on the heterogeneous nucleation of supersaturated
water vapor onto seed particles originating from Polyethylene Terephthalate (PET).

METHODS

Figure 1 shows a schematic of the experimental setup used for the presented study. PET pellets
of known composition and PET platelets harvested from a water bottle were used as particle ma-
terials. Seed particles were generated by controlled evaporation-condensation using a tube furnace
(Nabertherm R50/250/13) as described in Wlasits et al. (2022). Downstream of the furnace the
aerosol was put into charge equilibrium using a soft X-ray charger (TSI Advanced Aerosol Neutral-
izer 3088) and size selected using a Vienna-type nano-DMA (Winkler et al., 2008; Wlasits et al.,
2020).
Subsequent to humidification using a double-walled glass tube, the aerosol was fed into the Size
Analyzing Nuclei Counter (Winkler et al., 2006), an expansion-type CPC developed at the Univer-
sity of Vienna. Following vapor supersaturation, vapor nucleates onto and grows the seeds inside
a thermostated chamber. The newly formed particles are illuminated by a laser beam and the
scattered as well as the transmitted light fluxes are monitored as a function of time. The parti-
cle number concentration and particle size are determined by comparison to theoretical scattered
light fluxes as a function of size, calculated from Mie theory (CAMS method, Wagner et al., 1985;
Winkler et al., 2006).
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Figure 1: Schematic of the experimental setup (Wlasits et al., 2023)

CONCLUSIONS

We were able to determine the onset saturation ratios of heterogeneous nucleation occurring on the
surface of sub-10 nm aerosol particles originating from PET of known composition and commodity
PET. Figure 2 shows the nucleation probability as a function of the saturation ratio. The onset
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Figure 2: The figure shows the nucleation probability as a function of the saturation ratio of water
vapor for PET-derived seeds of known composition (PETP ), seeds from commodity PET (PETC)
and Ag seeds. Seeds with mobility diameters of approximately 6 nm were used and the nucleation
temperature was kept at 7.5 ◦C. (Figure and caption are based on Figure 3a in Wlasits et al.
(2023))

saturation ratios correspond to a nucleation probability of 50 %. The activation of PET-derived
seeds was compared to the activation of Ag seeds. We found, that the nanoplastic seeds are
activated at lower onset saturations compared to Ag seeds having the same diameter (Wlasits et
al., 2023). Clearly, heterogeneous nucleation shows a significant material dependence that needs
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further investigation by chemical analysis of the seeds. Furthermore the influence of the nucleation
temperature was investigated and increasing onset saturation ratios for PET-derived seeds were
recorded for increasing nucleation temperatures (Wlasits et al., 2023). Our study reveals that
condensation techniques can be used for the characterization of nanoplastic aerosols. Based on the
observed temperature trend together with the size dependent behavior we conclude that nanoplastic
particles may become candidates for CCNs at cold conditions despite their usually hydrophobic
behavior in macroscopic state (Wlasits et al., 2023).
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INTRODUCTION 

 

 

The predicted increase in the frequency and severity of coral bleaching events, even under optimistic 

future emission scenarios, means that additional interventions may be needed to conserve coral reefs. The 

Reef Restoration and Adaptation Program (RRAP) aims to develop and assess interventions to help restore 

the health of the Great Barrier Reef (GBR) and prevent further degradation. Marine cloud brightening via 

sea-spray injection is one such intervention which may prevent coral bleaching by reducing acute heat and 

light stress in corals during high-risk bleaching periods. 

 

Simulations of the impacts of sea-spray injection can be useful in many ways. They can be used to assess 

the impact of marine club brightening over wide areas; assess potential undesirable outcomes; and help 

optimize brightening strategies and timing. 

 

 

METHODS 

 

 

We have configured a nested atmospheric modelling system (Gordon et al., 2020) with an outer domain 

spanning north-eastern Australia, and a smaller higher resolution inner domain that can be relocated to 

focus interest on a particular area of the GBR. 

 

The atmospheric model uses the two-moment modal aerosol scheme GLOMAP-mode (Mann et al., 2010; 

2012), and simulates the full lifecycle of both natural and anthropogenic aerosol. GLOMAP-mode is 

coupled to the model cloud and radiation scheme, and thus can simulate aerosol direct and indirect effects. 

 

 

CONCLUSIONS 

 

 

Using this nested regional atmospheric model, we show that sea-spray injections over the GBR can 

increase the amount of solar radiation reflected away from the sea surface through aerosol direct and 

indirect effects, leading to a decline in surface short-wave radiation. 

 

Sea-spray injection activities at different scales can be evaluated for their efficacy and any undesired 

outcomes (e.g. on precipitation, temperature, cloud cover etc) 
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INTRODUCTION 

Oxidation flow reactors (OFRs) have been extensively used to investigate secondary aerosol formation 

mechanisms of the ambient air or emission sources such as biomass burning or vehicular emissions, 

and they can provide useful information on the mechanisms of secondary aerosol formation. Compared 

with smog chambers, OFRs have a few advantages, being: (1) short residence time, (2) higher degrees 

of aging and (3) portability (Simonen et al., 2017). However, there has been speculation that OFR 

chemistry may be irrelevant to the troposphere due to the dissimilarity of its initial oxidant generation 

to the stratosphere (Peng and Jimenez, 2020). Despite this, OFR can still provide valuable information 

for studying the oxidation of VOCs, SOA formation and ageing in addition to smog chambers. 

In this study, we present the characterisation results of a custom-built OFR called Rapid Aerosol Ageing 

Device (RAAD). OH radicals are the main oxidant in the RAAD that is formed by the photolysis of 

externally generated O3 and water molecules under the radiation from 254 nm UV lamps. The flow rate 

of the RAAD was experimentally optimised with the pulses of carbon dioxide (CO2) and 100 nm 

ammonium sulphate (AS) particles, respectively. The determined optimal flow rate was then applied 

for the characterisation experiments, which included residence time distribution (RTD) of particles and 

gases, particle wall losses and OH exposure levels under varying relative humidity and ozone conditions. 

The performance of the reactor was further evaluated by measuring aged emissions from laboratory-

generated biomass burning emissions.  Results from the ageing degree of aerosols, such as enhancement 

ratios of organic aerosols (OAER) and the average carbon oxidation state (OSC̅̅ ̅̅ ̅) will be presented. 

 

DESCRIPTION OF RAAD 

The RAAD was designed at the International Laboratory of Air Quality and Health (ILAQH), 

Queensland University of Technology, in collaboration with Fudan University. The reactor (Fig. 1) is 

a 1 m long stainless-steel cylinder with an inner diameter of 25.4 cm. With a total volume of 48.76 L, 

the RAAD has a surface-area-to-volume ratio of 26.52 m-1. 

An inlet metal plate with uniformly distributed perforations was installed to create a pre-mixing 

compartment, while the buffer plate forces the flow to enter the compartment radially with high 

turbulence. This design will ensure the sample is well mixed before being drawn into the main chamber 

for ageing. Another metal plate was placed at the outlet to ensure the two side flows are equally drawn 

from the walls of the chamber. Four UV lamps with wavelengths at 185 and 254 nm housed in quartz 
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sheaths were placed inside the RAAD. A large volume of compressed air (~100 LPM) is pushed through 

these housings to remove the heat generated by the lamps, and a temperature of 26±2 °C can be achieved 

while in operation. Only the central flow (about 50% of the total flow) through the reactor is used for 

measurements. This flow passes through the stainless-steel plate at the exit and then converges through 

a cone-shaped exit. The side flows, on the other hand, are influenced by the walls of the reactor and the 

quartz sheaths and can cause an unrealistic ageing process. Hence, this flow will not be taken into 

account for measurements and will be removed through two side exits close to the quartz sheaths. 

 

Fig. 1 Schematic of the RAAD. 

 

RESULTS 

RTDs of AS particles and CO2 in the RAAD and the comparison with other OFRs are presented in Fig. 

2. Results show that the RTDs of both gas and particles in the RAAD are close to the laminar flow, 

although the pulses are slightly broader than the laminar flow. The particle residence time in the RAAD 

is somewhat longer than that of the gas, possibly because particles are “stickier” than the inert gas and 

may have more interaction with the inner surface of the reactor. Both pulses are narrower than the PAM 

and CPOT, and a shorter tail can be observed for the RAAD. The average RTD was calculated to be 68 

s at the flow rate of 45 SLPM (the optimal flow rate determined experimentally) based on the laminar 

flow condition. 

 

Fig. 2 Probability distribution functions of residence times for different flow reactors as a function of 

normalised residence time (Caltech Photooxidation Flow Tube (CPOT, (Huang et al., 2017)); 

Potential Aerosol Mass (PAM) chamber,  (Lambe et al., 2011)) 

 

The particle transmission efficiency of the RAAD and the comparison with other OFRs are shown in 

Fig. 3. Overall, OFRs constructed with stainless steel generally have lower particle transmission 
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efficiency compared to those made of glass, possibly due to its minimal electrostatic loss property. 

Similar low particle wall losses were also discovered in the RAAD, with roughly 11% loss for small 

size particles with a mobility diameter of 30 nm. Another factor of the small losses discovered in the 

RAAD is that only the central flow was used for measurements, and there is no surface for particles to 

deposit on in this flow. 

 

 

Fig. 3 Particle transmission efficiency for the RAAD and comparison with PAM (Lambe et al., 2011)), 

CPOT (Huang et al., 2017), ECCC-OFR (Li et al., 2019), TSAR (Simonen et al., 2017), PEAR 

(Ihalainen et al., 2019) and OFR (Zhao et al., 2021). Error bars are standard deviations. The generated 

particles in the literature include a solution of BES (bis(2-ethylhexyl) sebacate), DOS (dioctyl sebacate) 

and silver, respectively. 

 

The OH exposure time (OHexp) was also determined by injecting a fixed concentration of SO2 with 

various ozone and relative humidity levels under UV irradiation (Fig. 4). The maximum OHexp at 30% 

RH reached about 1.25 x 1012 molecule s cm-3, equivalent to approximately 9 days of atmospheric 

ageing. In a drier condition, 15% RH, for example, the OH radicals were not efficiently produced, 

leading to a relatively low OHexp. OHexp noticeably increased under a humid condition (45% RH), 

reaching up to 14 days of equivalent atmospheric exposure.  

 

 

Fig. 4 OH exposures as a function of O3 concentrations under three humidity conditions. 

CONCLUSIONS 
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In this work, we characterised a new custom-built oxidation flow reactor named RAAD. The 

characterisation results demonstrate that a near-laminar flow profile can be obtained at a total flow rate 

of 45 slpm (25/20, centre/side), and negligible wall losses were observed in the reactor for particles 

with an aerodynamic diameter above 40 nm. The RTDs of gas and particles further proved that the 

RAAD has a near-laminar flow, with a residence time of 68s. O3- and RH-dependent OHexp were 

evaluated and found to have an equivalent atmospheric ageing of approximately 10 d with 30% RH. 

The performance of the RAAD was then evaluated by oxidising laboratory-generated biomass burning 

emissions with OH radicals, and reasonable OAER and OSC̅̅ ̅̅ ̅ were achieve. 
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INTRODUCTION 

 

Atmospheric new particle formation (NPF) significantly influences climate by providing seed aerosols for 

cloud condensation nuclei (CCN), thereby affecting the surface albedo and radiative balance (Dall’Osto et 

al., 2017). Characterizing the important chemical processes that lead to the formation of these atmospheric 

aerosols is crucial to better our prediction of the future climate. This is especially important in the pristine 

polar regions, which are observed to be warming at least twice as fast as the global average (Stucker et.al 

2018). In this study, we attempt to improve our understanding of processes governing secondary aerosol 

formation in summertime remote Antarctic environments, specifically at ABOA (73⁰03'S, 13⁰25'W, 7th-9th 

January 2015) and Neumayer III (70⁰40'S, 8⁰17'W, 12th-18th January 2019).  

 

METHODS 

 

Aerosol Dynamics, gas and particle phase CHEMistry and radiative transfer model (ADCHEM) (Roldin et 

al., 2011)  is used to model the concentrations of gases and particles along the air mass trajectories ending 

at ABOA (73⁰03'S, 13⁰25'W) and Neumayer III (70⁰40'S, 8⁰17'W). ADCHEM is used as a one-

dimensional column model that solves the diffusion equation, with 40 linear vertical grid cells of height 

100m extending up to 2500 m a.g.l. (Xavier et al., 2022). We utilize the most common and widely used 

Master Chemical Mechanism (MCM), an explicit chemical scheme detailing the gas phase processes 

involved in the tropospheric reactions of volatile organic compounds 

(http://chmlin9.leeds.ac.uk/MCM/roots.htt), which was coupled to the recently developed comprehensive 

dimethyl sulfide (DMS) and halogen multi-phase oxidation chemistry scheme(Wollesen de Jonge et al., 

2021). The chemistry scheme was further updated to include the formation of gas-phase HIO3 based on the 

study by Finkenzeller et al., 2022. 

 

The air mass trajectories were calculated using the Lagrangian particle dispersion model FLEXPART 

Version 10.4 (Pisso et al., 2019) with meteorological input from European Center for Medium-Range 

Weather forecasts (ECMWF) integrated forecast systems (IFS). The air-mass trajectories were calculated 

for 7 days backwards in time and ending ABOA and Neumayer at 00:00, 03:00, 09:00, 12:00, 15:00, 

18:00, and 21:00 UTC. The biogenic emissions (ɑ-pinene, β-pinene, limonene, carene) were calculated 

using Model of Emissions of Gases and Aerosols from Nature (MEGAN v2.04). The primary biogenic 

ocean and anthropogenic emissions were obtained from Copernicus Atmosphere Monitoring Service 

(CAMS) global (CAMS-GLOB-ANT and CAMS-GLOB-OCE), which aggregates reported emissions to 

246 different combinations of sectors and fuels, with a spatial resolution of 0.1o x 0.1o (lon x lat) (Granier 

et al., 2019). 
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In this work, we simulate new-particle formation by a molecular cluster plugin which explicitly couples 

cluster and aerosol dynamics to simulate gas-cluster-aerosol interactions and feedbacks (Olenius and 

Roldin, 2022). To assess the roles of different NPF mechanisms, we apply the most recent available data 

sets for molecular cluster thermochemistry, using all combinations of 3 different clustering chemistries 

involving sulfuric acid (H2SO4), methanesulfonic acid (MSA), ammonia (NH3) and dimethylamine 

(DMA), including neutral and ion-induced H2SO4-NH3 and H2SO4-DMA (AN, AD) pathways (ionization 

rate of 1.7 cm−3 s −1) (Besel et al., 2020; Myllys et al., 2019), and neutral H2SO4-MSA-DMA (AMsD) 

(Rasmussen et al., 2022). All data sets apply the DLPNO-CCSD(T)/aug-cc-pVTZ//ωB97X-D/6-31++G(d, 

p) quantum chemical level of theory, but the AMsD data also involves the quasi-harmonic correction, thus 

not being quantitatively comparable to the other data sets. Future simulations will include also HIO3-HIO2. 

The modeled particle size distributions are compared to available DMPS and SMPS measurements at 

ABOA and Neumayer respectively.  

 

 

CONCLUSIONS 

 

Figure 1 shows the measured and simulated median size distribution for different combinations of 

clustering chemistries e.g. H2SO4-NH3 (AN), H2SO4-DMA (AD) and H2SO4-MSA-DM (AMsD). These 

preliminary results indicate the following: first, the combination of the AN and AD chemistries can produce 

elevated levels of Aitken-mode particles at the Antarctic conditions. These data sets compare reasonably well 

with laboratory data with some underprediction of particle formation rates (Besel et al., 2020; Myllys et al., 

2019) suggesting that the results of Figure 1 are likely within the lower end of realistic predictions for these 

pathways. Second, the AMsD and AN-AMsD cases show lower concentrations with dominance of the AN 

mechanism, even with enhancement of MSA for the AMsD pathway. This is likely due to the lower predicted 

cluster stability and absence of ions for the AMsD data set. However, as complete multi-component data sets 

for A-Ms-N-D are not yet available, the pathways may only be treated separately which can also cause under-

prediction (Olenius et al., 2023). The inclusion of additional, e.g. iodine-driven, pathways and multi-component 

data sets, when available, in future simulations is expected to increase the NPF intensity.   
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Figure 1: Measured and simulated median particle size distribution at ABOA (upper panel) and Neumayer 

(lower panel). The figure depicts the simulated median size distribution using combinations of different 

clustering chemistries, namely H2SO4 (A), NH3 (N), DMA (D) and MSA (Ms). The black, red, and blue lines 

indicate the median size distribution using the H2SO4-NH3 / H2SO4-DMA (AN-AD) system, the H2SO4-NH3  / 

H2SO4-MSA-DMA (AN-AMsD) system, and the H2SO4-MSA-DMA (AMsD) system, respectively. 
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INTRODUCTION 

 
Iodic acid (IA) has recently been recognized as a key driver for new particle formation (NPF) in marine 
atmospheres (Sipilä et al., 2016; He et al., 2021). However, the knowledge of which atmospheric vapors 
can enhance IA-induced NPF remains limited. The unique halogen bonds (XBs) forming capacity of IA 
(Rong et al., 2020; Ning et al., 2022) makes it difficult to evaluate the enhancing potential (EP) of target 
compounds on IA-induced NPF based on widely studied sulfuric acid systems.  
 
Herein, we employed a three-step procedure to evaluate the EP of potential atmospheric nucleation 
precursors on IA-induced NPF. Firstly, we evaluated the EP of 63 precursors by calculating the formation 
free energies (ΔG) of the IA-containing dimer clusters. All the selected 63 compounds including iodine and 
sulfur oxoacids, NH3, amines, carbonyl compounds, organic acids, sulfides, thiol, etc. were detected in the 
marine atmosphere. Based on the calculated ΔG values, a quantitative structure-activity relationship (QSAR) 
model was constructed. Secondly, we evaluated the atmospheric concentrations of 63 (IA)1(X)1 dimer 
clusters. Finally, based on the concentrations of the (IA)1(X)1 dimer clusters, the compounds with the highest 
dimer concentration (Diethylamine (DEA)) was selected as the representative to investigate its exact 
enhancing potential on IA-induced nucleation by considering larger (IA)x(DEA)y (0 ≤ x ≤ 3, 0 ≤ y ≤ 3) 
clusters. 
 

 
METHODS 

 
A multistep global minimum sampling scheme was employed to search for the global minima of the 
(IA)1(X)1 dimer clusters and the (IA)x(DEA)y (x = 1-3, y = 1-3) clusters. We calculated the concentrations 
of 63 (IA)1(X)1 dimer clusters ([(IA)1(X)1]) based on the ΔG values and the concentrations of IA and X. The 
[(IA)1(X)1] can be written as (McGrath et al., 2012; Ortega et al., 2012): 

[(IA)1(X)1] = kcoll[X] × [IA]/(kevap + kcoag) 
where kcoll is the kinetic gas theory collision rate coefficient between IA and X; kevap and kcoag are the 
evaporation rate coefficient and coagulation sink rate coefficient of the (IA)1(X)1 dimer cluster, respectively; 
[X] and [IA] are the atmospheric concentrations of the X and IA, respectively. 
 
The Atmospheric Cluster Dynamics Code (ACDC) (McGrath et al., 2012) was used to simulate the time 
evolution of the cluster formation rates (J), steady-state concentrations and growth pathways of (IA)x(DEA)y 
(x = 0-3, y = 0-3) clusters. 
 
Additionally, the calculated ΔG values of the 63 (IA)1(X)1 dimer clusters were used to construct a QSAR 
model by stepwise multiple linear regression (MLR). 
 

 
RESULTS AND CONCLUSIONS 
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Among all dimer clusters, 44 contain XBs, demonstrating that XBs are frequently formed. The results reveal 
the important contribution of XBs to the ΔG values, distinct from the sulfuric acid (SA)/ methane sulfonic 
acid (MSA)-organics systems. 
 

The QSAR model can predict the ΔG values of other (IA)1(X)1 dimer clusters and provides a foundation for 
the future evaluation of the collective contribution of all potential atmospheric nucleation precursors within 
the model applicability domain on the IA-induced nucleation. 
 
By considering the atmospheric concentrations of 63 precursors and the ΔG values of the corresponding 
(IA)1(X)1 dimer clusters, DEA was found to have the highest potential to enhance IA-induced nucleation. 
The ACDC simulation of larger (IA)1-3(DEA)1-3 clusters revealed that [DEA] > 2.5 × 106 cm-3 (0.1 ppt) can 
lead to a notable J value when [IA] > 106 cm-3. DEA reaches an enhancement comparable to iodous acid 
(HIO2) in IA-induced nucleation (Zhang et al., 2022). 
 
IA can strongly bind with S-atoms-containing (in-)organic acids and certain O-atoms-containing organic 
acids (OAs) besides amines and HIO2. Since iodine oxoacids, S-atoms-containing (in-)organic acids, O-
atoms-containing OAs and amines can coexist in the polluted atmosphere, the synergistic nucleation of 
multi-components may occur. 
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INTRODUCTION 

 

 

Aviation soot particle emissions at cruise altitudes are dominant if not the only anthropogenic particle 

source. They can form contrail and cirrus clouds under certain ambient conditions, which may affect the 

earth's radiation balance and thus climate pattern. Related studies have shown that contrails and induced 

cirrus clouds may have a greater impact on global climate than aviation CO2 emissions [Kärcher, 2018]. 

Regarding aviation particulate matter emissions, the current International Civil Aviation Organization 

(ICAO) database is relatively mature and complete, but they are based on ground tests under LTO cycle. 

There are few high-altitude emission data available in the literature, which involves real flight tests. There 

are inevitable limitations in the high-altitude real flight tests because the sampling airplane had to be at 

least several hundred meters behind the test airplane due to safety reasons, hence the plume dilution and 

evolution process could not be controlled or even measured and the early stage of contrail formation near 

the engine nozzle cannot be determined at all. Therefore, we have built a high-altitude environmental 

chamber and a miniature aero-engine can operate on ground to simulate its cruise operation including 

intake air and contrail evolution under cruise-like conditions. In this paper, we will report well-controlled 

experimental data focusing on the early stage of contrail formation and elucidate how sustainable aviation 

fuel (SAF) alters the contrail formation.  

 

METHODS 

In this study, the high-altitude environmental simulation system was used to carry out the high-altitude 

turbofan aero-engine tests, focusing on the soot particle emissions and the early stage of contrail formation. 

The test fuel was conventional kerosene and SAF originated from waste cooking oil. The high-altitude test 

system can simulate the ambient air conditions from ground all the way up to cruise altitudes (0 km – 15 

km), such as temperature (-60℃-50℃), low pressure (0.2 bar-1.0 bar), relative humidity (20%-100%), 

wind speed (0 m/s-100 m/s) and wind direction. Thus, the combustion and emission of the engine would 

be similar to the real high-altitude data. The experimental apparatus includes a visualized high-altitude 

environment chamber (Figure 1), which allows the engine exhaust plume to enter, and to be visualized so 

that the macroscopic shape of the contrail formation, and the micron-sized ice crystals can be obtained 

through an adjustable microscopic optical system. The experimental system can be used to predict the 

radiative forcing of contrail under different conditions as well. Furthermore, the aviation soot particulate 

measurement system (nvPM-MS, ICAO standards), scanning electric mobility particulate size 

spectrometer (SMPS) and continuous Flow Diffusion Chamber-Ice Activation Spectrometer (CFDC-IAS) 

were used as well. The measured number and mass, particulate size distribution and the ice nucleating 

capability of soot particulates emitted under high-altitude environments, could facilitate the understanding 

of the influence factors and the microphysics mechanism of contrail formation.  
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Figure 1 High-altitude contrail formation observation system 

 

CONCLUSIONS 

Some preliminary conclusions are as follows: 

Under the high-altitude environment, the soot particulate produced by SAF combustion are about 25% and 

20% less than RP3 in number and mass, respectively. Moreover, high-altitude SAF combustion tends to 

produce nano-particulate with smaller particulate sizes. For example, the average particulate sizes of RP3 

and SAF under aero-engine 50% thrust condition are 29nm and 20nm, respectively (Figure 2), which 

theoretically reduces their ability to become cloud nucleation. 

 
Figure 2 Soot particulate size distribution of SAF and RP3 under cruise conditions 

 

Under the conditions of temperature and pressure at an altitude of 12km, as well as a relative humidity of 

70%, the shape of the contrail (Figure 2) formed by SAF from waste cooking oil is slightly less obvious 

than that of RP3 (Figure 3), that means, less ice crystals and higher light transmittance. Although SAF can 

reduce the emission of soot particulate, the amount of water vapor emission may increase at the same time. 

Whether all types of SAF can reduce the formation of contrail under high-altitude environments needs 

further investigation. 

368



ICNAA2023 abstract instructions and template 
Please read carefully -  the text contains instructions for abstract preparation 

 
Figure 3 Shape of contrail formation under high-altitude originated from RP3 soot particulate 

 
Figure 4 Shape of contrail formation under high-altitude originated from SAF soot particulate 
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INTRODUCTION 

It has been suggested that the sea spray aerosol (SSA) contributes a small fraction to marine 

cloud condensation nuclei (CCN), due to the low number concentration of SSA. However, the 

SSA number concentration remains poorly constrained and often extrapolated from super-

micrometre sizes.  

METHODS 

Here we analyse long-term observations of aerosol concentrations and compositions in the 

Northeast Atlantic. We derive SSA number size distribution from ambient by combining 

aerosol hygroscopicity growth measurement and number size distribution.  

CONCLUSIONS 

Our results showed that the number concentration of sub-micron SSA has been greatly 

underestimated, and SSA contributed significantly to the marine CCN budget, exceeding 

previous estimates by up to 50% to 500% at moderated marine cloud supersaturations. Given 

the impact of marine clouds on the Earth’s radiative budget, accounting for sub-micron SSA is 

essential to better constrain the aerosol-cloud interaction and future climate. We derived SSA 

extraction method based on humidified tandem differential mobility analyser combined with 

scanning mobility particle sizer(denoted as HTDMA-SMPS), compared to the widely used 

single-sea-spray lognormal mode fitting (denoted as SSLMF), our method indicates that a large 

fraction of SSA has been obscured. As shown in Figure 1, the HTDMA-SMPS revealed SSA 

number concentrations approaching 500 cm-3 when wind speed (U10) increased up to 25 m/s. 
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Figure 1. Wind speed (U10) versus NSSA. (a) NSSA as a function of U10 derived by HTDMA-

SMPS (dark blue line and boxes) and conventional used method(orange line and boxes), the 

hourly data are binned to the U10 intervals equal to 1 m s-1, the horizontal lines represent the 

median value, the boxes represent 25th to 75th percentile, the whiskers represent 1.5 inter-

quartile range, the points represent outliers and the cubic markers represent mean values. Also 

shown are previous parametrisations: O’Dowd et al., 201933 (red line), Quinn et al., 201716 

(sky blue line) and Saliba et al., 201917 (green line). 
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The discovery of cloud microphysical responses to artificial ice nucleating particles by Schaefer 
and Vonnegut in the late 1940s set the stage for glaciogenic cloud seeding as a technology to 
increase water supplies especially in mountainous regions during wintertime. It is extremely 
difficult to evaluate cloud seeding effects based on observations only due to a lack of 
repeatability, small signal to noise ratio, and large variability in natural clouds and precipitation. 
Numerical models that reasonably reproduce natural cloud and precipitation processes and 
represent physical processes related to cloud seeding are useful for assessing cloud seeding 
impacts quantitatively.  
 
The development of the novel WRF-WxMod® model system makes it a useful tool to evaluate 
the impacts of cloud seeding on precipitation, design new or optimize existing cloud-seeding 
programs, and/or forecast cloud-seeding opportunities in a real-time forecast mode.  
 
An observation-constrained ensemble seeding simulation approach is introduced to provide a 
transferrable framework/tool for quantitative seeding effect assessment with uncertainty 
estimate based on the SNOWIE field experiment in the USA. The approach is now applied to 
evaluate historical seeding operations conducted by Snowy Hydro Ltd. in Australia.  
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Cloud-top generating cells (GCs) are ubiquitous in many types of cloud, such as the deep winter 

storms, post-frontal stratiform, and supercooled orographic clouds. Radar observations and in-situ 

measurements of cloud-top GCs show that these fine-scale cloud structures generally have higher 

reflectivity and stronger turbulence than the surrounding areas, and produce drizzle drops or ice 

particles that lead to precipitation fall streaks. Idealized numerical simulations of cloud-top GCs 

over the deep winter storms indicate that these strutures are caused and regulated by the instability 

release induced by the environmental convective instability, cloud-top radiative cooling, and shear. 

Recent field observations during the Seeded and Natural Orographic Wintertime clouds: the Idaho 

Experiment (SNOWIE) field campaign showed that cloud-top GCs were formed in a stable 

environment in many Intensive Observed Periods (IOPs).  

 

Detailed analysis of high-resolution (grid spacing of 20 m) WRF Large Eddy Simulations (LES)  

revealed that cloud-top GCs formed only when the radiative cooling is simulated. If radiation is 

shut down during the active GC period, GCs quickly disappear in the simulation. It is also found 

that the unstable layers above the cloud top caused by dry-cold air intrusions do not facilitate GC 

formation. The model results indicate that the simulation of the full history of winter orographic 

clouds is crtical to capture the GC formation and its impact on precipitation. It is important to 

parameterize such ice-formation mechnisms in coarser resolution NWP models. 
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INTRODUCTION 

Atmospheric cluster ions are important constituents in the atmosphere that are mainly formed through a 

series of ion-molecule reactions between neutral gaseous molecules and charged atoms, molecules, and 

molecular clusters in the atmosphere (Carslaw et al., 2002). The newly formed cluster ions will subsequently 

undergo more ion-molecule reactions, ion-ion recombination, or deposition on particles. Characteristics of 

cluster ions including their concentrations and compositions continually evolve during these processes and 

affect their implications on atmospheric chemistry, air quality, and human health (Jiang et al., 2018; Shuman 

et al., 2015). However, quantitative research on cluster ion compositions is still rare, especially in urban 

areas. In this study, we demonstrate the feasibility of an in-situ quantification method of atmospheric ion 

compositions by performing field measurements of negative ions using an atmospheric pressure interface 

high-resolution time-of-flight mass spectrometer (APi-TOF) and a neutral cluster and air ion spectrometer 

(NAIS) simultaneously in urban Beijing. Further, the governing factors of cluster ion composition and 

concentration in an urban atmosphere are revealed. 

METHODS 

A filed measurement is deployed at the Aerosol and Haze Laboratory of Beijing University of Chemical 

Technology Station (AHL/BUCT station), Beijing, China. There are two main traffic roads around the 

sampling site within 0.5 km. There are also some residential buildings around it. Fig.1 shows the location 

of the sampling site. It has been continuously running since 2018, and the period analyzed in this study is 

from Jan 14th to Sep 16th, 2018. In comparison, the measurement results of a boreal forest site Hyytiälä are 

used as a representative of the pristine environment. 

An atmospheric pressure interface time-of-flight high-resolution mass spectrometer (APi-HTOF, Tofwerk 

AG) was used to measure the atmospheric negative ion compositions. In order to improve the signal-to-

noise of the instrument, the 1 h average of raw signals is used for analysis. The relative mass-dependent 

transmission efficiency of APi-HTOF is obtained by adding a chemical ionization inlet (CI-inlet) in front of 

the APi-TOF (Heinritzi et al., 2016). It should be noted that the voltage settings were kept the same as when 

APi-mode is running and were adjusted to minimize the fragmentation inside HTOF. The ion mobility 

distribution of atmospheric ions is measured by a neutral cluster and air ion spectrometer (NAIS, Airel Ltd.) 

with a mobility range of 3.2-0.0013 cm2·V-1·s-1. 
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Figure 1. Map of the sampling site and the surrounding two main roads 

By connecting the m/z of ions and ion mobilities, the concentrations of atmospheric negative cluster ions 

within a certain m/z range measured by APi-HTOF and a certain mobility range measured by NAIS are 

compared. The results show that their synchronous measurements are highly consistent. The derived slope 

between these two sets of data is taken as the detection efficiency of APi-HTOF for ions with a certain m/z. 

After correcting the sampling losses, an absolute mass-dependent transmission efficiency of APi-HTOF is 

obtained and shows good consistency with the relative one obtained by adding CI-inlet. This good 

coincidence between transmission efficiencies obtained through two independent methods show that the in-

situ comparison between APi-HTOF and NAIS can help to well calibrate the atmospheric ions measured by 

APi-HTOF. 

CONCLUSIONS 

The concentrations of atmospheric negative ions with different compositions are quantified through the in-

situ comparison between APi-HTOF and NAIS. Then their composition and concentrations are found to be 

largely affected by the high concentrations of aerosol surface area and nitrogen oxides in urban Beijing. 

Compared with Hyytiälä, the concentration of cluster ions is much lower in urban Beijing and shows a clear 

decreasing trend with an increase in condensation sink, which is mainly due to the high ion loss rate on large 

particles. 
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INTRODUCTION

Sulfuric acid is a key component of atmospheric new particle formation (NPF) due to its low saturation
vapor pressure and capability to form strong bonds between molecules. NPF is a common phenomenon
observed almost all around the world, and it is a large source of nanometer-sized particles. The particles
can diminish air quality and affect the radiative balance of the Earth by scattering and absorbing solar
radiation and acting as cloud condensation nuclei, altering cloudiness and cloud properties (Kerminen et
al., 2018). Though the role of sulfuric acid in NPF is well established, the mechanisms behind NPF are
still not fully understood, leading to a need for knowing the atmospheric concentrations of NPF precursor
gases, such as sulfuric acid (Kerminen et al., 2018). 

Long-term sulfuric acid concentration measurements are sparse, because sulfuric acid has low atmospheric
concentration and therefore the measurements require specialized instrumentation and experts to operate
the  instruments  and  process  the  data.  To  fill  the  gap  in  knowledge,  several  proxies  estimating  the
atmospheric  concentration  of  sulfuric  acid   have  been  derived  based  on  its  known  source  and  sink
reactions (Petäjä et al., 2009; Mikkonen et al., 2011; Dada et al., 2020). 

In this work we introduce detailed analysis on the proxies developed by Dada et al. (2020) using data from
the SMEAR II (Station for Measuring Ecosystem-Atmosphere Relations) site in Hyytiälä, Finland. The
aim is to understand the importance of different source and sink terms in the light of finding the best
possible proxy and a simplest proxy with reasonable performance. We analyze the data also seasonally
and determine the conditions when the proxies perform the most accurately. 

METHODS

The most detailed proxy accounts for formation of sulfuric acid from oxidation of sulfur dioxide by OH
radicals  and  stabilized  Criegee  intermediates,  and  loss  of  sulfuric  acid  by  condensing  on  preexisting
particles and formation of molecular dimers. Due to lack of measured OH concentration, OH is estimated
using UVB or global radiation as was also done in Petäjä et al. (2009). The Criegee intermediates are
formed in the ozonolysis of alkenes (Mauldin et al., 2012). In boreal forests monoterpenes (MT) form a
significant share of emitted organic compounds, and are thus used here as a proxy for alkenes (Hellén et
al., 2018). Loss on preexisting particles is determined with condensation sink (CS) from aerosol number
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size distribution data (Kulmala et al., 2012). When including all the above mentioned processes, the rate of
change in sulfuric acid concentration is

d [H 2 SO4]

d t
=k RAD [ RAD ] [ SO2 ]+ksCI [O3 ] [ MT ] [SO2 ]−CS [ H 2 SO 4 ]−k DIM [ H2 SO4]

2. (1)

Assuming steady state conditions, we get a formula for the concentration of sulfuric acid

[ H2 SO4 ]=
−CS
2k DIM

+√(
CS

2kDIM )
2

+
[SO2 ]
k DIM

(k RADUVB+k sCI [O3 ] [ MT ]) . (3)

By minimizing the difference between the formula (Eq. 3) and measured sulfuric acid concentration, we
gained  values  for  the  empirical  scaling  coefficients  kRAD,  ksCI and  kDIM related  to  different  terms. We
minimized the sum of squared logarithm of the ratio between values given by the formula and measured
sulfuric acid, since the large variation in sulfuric acid concentration requires logarithmic data processing
for optimal results. For the minimization we used global optimization function fmincon of MATLAB with
sqp algorithm.  

The proxy was developed with measurement data from years 2013, 2018-2020, and 2022. Condensation
sink was obtained from the number size distribution from combined measurements of differential mobility
particle sizer (DMPS) and aerodynamic particle sizer (APS; Aalto et al., 2001). Ozone, sulfur dioxide and
radiation are measured in continuous basis at  the station.  Alkenes represented by monoterpenes were
measured with proton-transfer-reaction quarupole mass spectrometer (Taipale et al., 2008) and sulfuric
acid with chemical ionization ambient pressure interface time-of-flight mass spectrometer (Jokinen et al.,
2012). Sulfuric acid concentration was measured at 35 m high tower, and other gas concentrations at the
close-by mast from 16.8 m height above the ground level. 

RESULTS

The scaling coefficients for the detailed proxy using UVB or global radiation (Eq. 3) are shown in Table 1.
The correlation between proxy and measured sulfuric  acid concentration are  shown in Figure  1,  and
diurnal variation in Figure 2. The plots show good correlation between proxy and measured sulfuric acid
concentration and the proxy also follows well the diurnal cycle of measured sulfuric acid concentration.
Both UVB and global radiation can be used for estimating OH concentration since they produce nearly
identical results. 

In Figure 2 the diurnal cycle of proxies by Petäjä et al. (2009) are compared with the new detailed proxy.
The comparison highlights, in accordance with Dada et al. (2020), the importance of new source and sink
terms for the performance of proxies in producing diurnal variation correctly. Here, the presented scaling
coefficients for the proxy using global radiation differs slightly from those presented in Dada et al. (2020)
since the data set is partly different, we used CS calculated from the combined DMPS and APS data, and
in  finding  the  scaling  coefficients  we  used  global  optimization,  which  is  more  accurate  in  large
optimization problems (Nocedal & Wright, 2006). 

Table 1. Scaling factors for boreal forest determined minimizing the sum of squared difference between
measured and modeled sulfuric acid data.

kRAD
 (m2 W-1 s-1) ksCI (‧10-29 cm6 s-1) kDIM (‧10-9 cm3 s-1)

UVB 7.7‧10-6 8.6 2.6
Global radiation 6.7‧10-9 7.5 2.9
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Figure 1. Scatter plot between measured sulfuric acid concentration and (a) sulfuric acid proxy using UVB
radiation and (b) sulfuric acid proxy using global radiation. Blue line shows 1:1 line and black line fitted

bivariate regression. 

Figure 2. Diurnal variation in (a) sulfuric acid proxy using UVB radiation (pink) and UVB proxy by Petäjä
et al. (2009; red) and (b) sulfuric acid proxy using global radiation (pink) and global radiation proxy by
Petäjä et al. (2009; red). Measured sulfuric acid concentration is presented with blue in both subplots. 

FUTURE OUTLOOK

The analysis indicates that stabilized Criegee intermediates are important oxidants for sulfur dioxide, and
thus needed in sulfuric acid proxies in order to reproduce the diurnal cycle correctly. As shown also by
Dada et al. (2020), the formation of molecular dimers is not a significant sink for sulfuric acid in the
boreal environment. However, the analysis will be continued by quantifying the role of different terms
seasonally since the first results indicate that the performance of the proxies is better during spring and
summer and worse during autumn and winter. The difference might stem from the seasonality observed in
the nature – during autumn the radiation intensity decreases, leading to, for example, growth cessation of
vegetation, and thus to decreased monoterpene concentration, but also changes in atmospheric chemistry
and concentrations of many compounds in general. 
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INTRODUCTION 

 

Atmospheric submicrometer (< 1 m) particles are linked to adverse impacts on human health (Pope et al., 

2020) and atmospheric visibility (Hand et al., 2002). Due to the complex sources and dynamic nature of 

submicrometer particles, the particle number size distributions (PNSDs) for this category often exhibit a 

multimodality that varies widely in sizes and by environment (Morawska et al., 1999) and commonly 

being described by three modes, namely nucleation (< 25 nm), Aitken (25 – 100 nm), and accumulation 

(100 – 1000 nm) mode. Of special interests are the nucleation and accumulation mode particles that play a 

decisive role in the particle number and mass budget, respectively. Most of the visibility studies have 

relied on the bulk aerosol mass (viz., of the PM2.5 and PM10) and chemical composition to establish the 

potential links between aerosols and visibility (Pitchford et al., 2007). In contrast, the role of PNSDs has 

been less considered due to the lack of information on size-resolved compositions. Nevertheless, 

numerous source apportionment studies have attempted to resolve the source-dependent PNSD profiles 

using receptor models. In the latest global review, Hopke et al. (2022) identified 55 peer-reviewed journal 

articles on the source apportionment of particles contributing to PNSDs in 102 locations/time periods. 

Those studies, however, did not further investigate the link between the sources and atmospheric visibility, 

and none were reported from Taiwan. With that in mind, this study used positive matrix factorization 

(PMF) to analyze measurements obtained between 2017 and 2021 of the submicrometer PNSDs, aerosol 

light extinction (bp), air pollutants, and meteorology in an urban area of central Taiwan. The PMF results 

were further linked and discussed in relation to their contribution to impaired visibility. 

 

METHODS 

 

This conference presentation is based on Young et al. (2023) with a few new analyses and the detailed 

methodology can be found therein. In brief, the study area was in the urban basin of Taichung City, which 

is the second most populous city in central Taiwan. Measurements were made at a height of 17.5 m above 

ground level and adjacent to one of Taiwan EPA’s air quality monitoring stations. PNSD measurements in 

the size range of 10 – 1,094 nm with a sequential mobility particle sizer and condensation particle counter 
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(SMPS/CPC) system (Model 5.500, GRIMM), whereas aerosol light scattering (bsp) and absorption (bap) 

were measured with an integrating nephelometer (Model 3563, TSI) and a seven-wavelength aethalometer 

(AE33, Magee Scientific), respectively. Other supplemental data, including PM2.5, PM10, SO2, CO, NOx, 

O3, T, RH, wind speed (WS) and direction (WD), were obtained from the EPA station. The collected 

hourly data were then analyzed with PMF with the Multilinear Engine (ME-2; v1.345) developed by 

Paatero (1999) using an IGOR-based Source Finder package (SoFi; v8) developed by Canonaco et al. 

(2013). The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT v.5.0.0) model was used 

to calculate the 72-hr back trajectories of air masses arriving at study area and to assess the impact of 

long-range transport on the measured PNSDs.  

 

CONCLUSIONS 

 

The PMF resolved six PNSD source profiles and the the measured PNSDs and bp were reasonably 

reconstructed. The Nucleation factor (factor 1, F1), the key contributor to total particle number (TPN; 

35.0%), represented nucleation (< 25 nm) particles associated with fresh traffic emission and secondary 

new particle formation, which were transported from the west-southwest by stronger winds (> 2.2 m s–1). 

F2 represented the large Aitken (50 – 100 nm) particles transported regionally via northerly winds, 

whereas F3 represented large accumulation (300 – 1000 nm) particles, which showed elevated 

concentrations under stagnant conditions (< 1.1 m s–1). F4 represented small Aitken (25 – 50 nm) 

particles arising from the growth and transport of the nucleation particles (F1) via west-southwesterly 

winds. F5 represented large Aitken particles originating from combustion-related SO2 sources and carried 

by west-northwesterly winds. F6 represented small accumulation (100 – 300 nm) particles emitted both by 

local sources and by the remote SO2 sources found for F5. Overall, large accumulation particles (F3) 

played the greatest role in determining the total particle volume (TPV; 66.4%) and surface (TPS; 34.8%), 

and their contribution to bp increased markedly from 17.3% to 40.7% as visibility decreased (Figure 1), 

indicating that TPV and TPS are better metrics than TPN for estimating bp. Furthermore, slow-moving air 

masses—and therefore stagnant conditions—facilitate the build-up of accumulation mode particles 

(F3+F6), resulting in the poorest visibility (Figure 2). 

 

 

 
 

Figure 1. The aerosol extinction coefficient (bp) associated with the six PMF-resolved factors across four 

visibility classes, with Q1 represents the best visibility and Q4 represents the worst. 

 

381



 

 
 

Figure 2. The five-representative back-trajectory clusters and their associated bp and six PMF-resolved 

factors. 
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INTRODUCTION 

 

Kaohsiung Harbor (KH) is the largest international seaport in Taiwan, located at the southwestern coast 

of Taiwan Island. It nears the leading ocean-going trade line through the Taiwan Strait and the Bashi 

Channel. More than 36,000 inbound and outbound vessels berthed in the harbor annually (Tseng et al., 2022). 

Its container traffic volume ranked 15th in the world. The sea-going vessels are particularly becoming a 

significant contributor to SO2, NOx, and PM2.5 with increasing global trade in the coastal and harbor cities 

with an industrial complex (Lee et al., 2021; Wang et al., 2019; Lindstad et al., 2011). It contributes 

considerable PM2.5 emissions from the port areas (Kirrane et al., 2019). Accordingly, it would be crucial for  

exploring the effects of ship emissions on particulate air quality in harbor fields. This study aims to explore 

the temporal variation and the spatial distribution of PM2.5 levels and characterize the chemical fingerprints 

of PM2.5 in the port and urban areas CMB and PMF receptor models were further applied to resolve the 

source identification and apportionment of PM2.5 in the Kaohsiung Harbor and Metro Kaohsiung. 

 

METHODS 

 

This study conducted PM2.5 sampling at two sites in Kaohsiung Harbor (Qihou (QH) and Zhonghe (ZH)  

Checkpoints) and other two sites in Metro Kaohsiung (Mincyuan (MC) Elementary School  and Fengshan 

(FS) High School) in four seasons (Fig. 1). The quartz filters of 47 mm were used to collect PM2.5 samples 

for consecutive seven days in each season. Diurnal sampling of PM2.5 was conducted in the daytime (08:00–

20:00) and at nighttime (20:00–08:00). A total of 224 PM2.5 samples were collected to explore the diurnal 

variation of PM2.5 concentrations. 

  
Fig.1. Location of  PM2.5 sampling sites selected 

for collecting PM2.5. 
Fig. 2. PM2.5 sampling. 

 

RESULTS AND DISCUSSION 

 

The results showed that the concentration of PM2.5 in the Kaohsiung Harbor was mainly higher than 

those in Metro Kaohsiung (Figs. 3 and 4). The prevailing winds were mainly blown from the west and the 

northwest to the harbor. The winds in the urban area were mainly blown from the west, which caused the 

PM2.5 concentration decreased gradually from the port to the urban areas. It showed that the air quality of 
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Metro Kaohsiung was not only affected by vehicular exhausts, but also affected by ship emissions from the 

Kaohsiung Harbor, resulting in the deterioration of particulate air quality in the Metro Kaohsiung. 

The average concentration of SO4
2- in the port area was generally higher than that of NO3

-, indicating 

that harbor area is mainly affected by ship emissions and industrial boilers (Fig. 5). In contrast, urban area 

was primarily influenced by vehicular exhausts. The V/Ni ratios in the port area were much higher than 

those in the urban area. In addition, the concentrations of V, Ni, and Cr were significantly high in the harbor 

area due to the influence of ship emissions from inbound and outbound vessels (Fig. 6). The carbonaceous 

content of PM2.5 was dominated by organic carbon (OC), indicating that nighttime environment in the port 

area was favorable for the formation of secondary organic aerosols (SOA) (Fig. 7). 

 

  
Figure 5. Water-soluble ions in PM2.5 in the port and urban areas. 

 
Fig. 6. Metallic elements in PM2.5 in the port and urban areas. 
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Fig.3 Seasonal variation of PM2.5 concentration 

 in the port and urban areas.  

Fig. 4. Seasonal contours of PM2.5 concentration 

in the port and urban areas. 
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The diurnal concentrations of organic acids showed nighttime > daytime (Fig. 8). Strong solar radiation 

in the daytime reduced organic acids due to atmospheric photochemical reactions. The major source of 

Kaohsiung Port was ship emissions, but the urban area was primarily from vehicular exhausts and road dust. 

The contributions of secondary aerosols in the port and urban areas were relatively high in winter and spring, 

indicating that air pollutants from long-range transport (LRT) also increased the concentration of secondary 

aerosols (Fig. 9).  

 
Fig.7. Carbonaceous content and OC/EC ratios of PM2.5 in the port and urban areas.  

 
Fig. 8. Organic acids and M/S ratios of PM2.5 in the port and urban areas.  

 
Fig. 9. Source apportionment of PM2.5 in the port and urban areas. 
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CONCLUSIONS 

 

This study concluded that the wind field in the Kaohsiung Harbor was mainly blown from the west and 

the northwest, while that in Metro Kaohsiung was mainly blown from the west. Additionally, Kaohsiung 

Area is located at the leeward of the Central Mountains, and the sea-land breeze caused relatively stable 

atmosphere. As a result, the worse dispersion resulted in the deterioration of air quality in Kaohsiung Area. 

PM2.5 concentrations in the port and urban areas showed the spatiotemporal variation of nighttime > daytime 

and port > urban. The V/Ni ratios of PM2.5 at the QH and ZH sites in the Kaohsiung Harbor were higher 

than those at the MC and FS sites in Metro Kaohsiung. The enrichment factor (EF) of V, Ni, and Cr were 

significantly higher in the Kaohsiung Harbor, which was mainly influenced by ship emissions in the port 

area. The major source of Kaohsiung Harbor was ship emissions, while Metro Kaohsiung was primarily 

from vehicular exhausts and road dust. 
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INTRODUCTION 

Atmospheric aerosol particles can affect the Earth’s radiative balance and modify cloud properties by acting 
as cloud condensation nuclei (CCN). New particle formation (NPF) is the largest source (in number) of 
aerosol particles, contributing more than half of the global CCN (Gordon et al., 2017). Intensive NPF events 
have been constantly observed in the free troposphere (FT) on a global scale. High concentrations of small 
particles (diameter ≤50 nm) have been observed by several recent aircraft-based aerosol studies in the FT 
over the Amazon Basin (Wang et al., 2016; Andreae et al., 2018). These particles may descend to the 
Amazon boundary layer, acting as an important source sustaining the aerosol population in the boundary 
layer over the Amazon. They may also contribute to the stratospheric aerosol population by ascending to 
the stratosphere. While increasing evidence shows that the oxygenated molecules originating from biogenic 
sources may be a critical contributor to NPF in the Amazon FT (Andreae et al., 2018; Palmer et al., 2022), 
direct molecular-level observations of such oxidized organic molecules (OOMs) are still absent. 

METHODS 

The present study focuses on measurements in January 2018 during the austral summer months (wet season), 
as part of the Southern hemisphere high ALTitude Experiment on particle NucleAtion and growth 
(SALTENA) campaign (Bianchi et al., 2022). A set of state-of-the-art mass spectrometers (including an 
atmospheric pressure interface time-of-flight mass spectrometer (APi-TOF) and a nitrate-based chemical 
ionization atmospheric pressure interface time-of-flight mass spectrometer (nitrate CI-APi-TOF)), detecting 
the chemical composition of gaseous precursors and cluster ions, were deployed at the Global Atmospheric 
Watch (GAW) station Chacaltaya (CHC; 5240 m a.s.l.) at the summit of Mount Chacaltaya in the Bolivian 
Andes. The station is ~18 km away from the city area of La Paz. These measurements were complemented 
by numerous long-term (and permanent) observations, such as particle number size distribution and black 
carbon (BC). 

CONCLUSIONS 

During the study period, CHC was primarily under the influence of air masses from Amazonia. Based on 
trace gas and in-situ aerosol observations during the wet season, combined with estimation of air mass origin 
using FLEXPART-WRF air mass history analysis, we find that OOMs presented in this part of the tropical 
FT are dominated by the oxidation products of isoprene. Such molecular-level observations of the OOMs 
are unprecedented at high altitudes in the Southern Hemisphere. Our results thus contribute an observational 
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piece to the puzzle of the source of the large number of organic aerosol particles observed in the FT over 
Amazonia. 

 

Figure 1. An Amazon FT event observed at CHC in the night of 10 January 2018. a, Horizontal profile of 
the vertically integrated source-receptor relationship (SRR, units of hours) derived from the FLEXPART-
WRF model and averaged from 21:00 to 00:00 (local date and time, UTC-4). The semi-transparent circle 
indicates the horizontal output domain of the model. The model output is in 1-hour time resolution. The 
color bar denotes the SRR values of the passive air tracers. b, Vertical profile of the SRR integrated over 
the radial direction, averaged from 21:00 to 00:00. Black shading indicates the topography near the station. 
c, Concentrations of WVMR and eBC. The grey shaded area denotes the exact period of the FT event, 
identified with WVMR ≤5.5 g kg-1 and eBC ≤0.08 µg m-3. d, Concentrations of UFPs (10 - 50 nm diameter) 
and accumulation mode particles (100 - 500 nm diameter). e, Concentrations of oxidized organic molecules 
(OOMs) measured by a nitrate-based CI-APi-TOF; grouped based on their number of carbon atoms (C4-5, 
C6-8, and C≥9). C≥9 OOM concentration is below the detection limit of the CI-APi-TOF for most of the time 
during this FT event. 
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INTRODUCTION 

 

Multicomponent vapor condensation on aerosol particles plays an important role in secondary aerosol 

formation. For instant, primary particles emitted from aero-engines are surrounded by a great variety of 

volatile organic components (VOCs) and water vapor, so that their secondary evolution such as contrail 

formation is truly multi-component heterogeneous condensation onto nascent nanoparticles[1].  

However, most heterogeneous nucleation models consider only mono-component condensation for the 

sake of simplicity, yet it may deviate significantly from the reality if the condensing vapor contains 

various species with differing molecular polarities due to non-ideality effects. Furthermore, Stefan flow 

effects significantly affect evaporation process yet whether the reverse Stefan flow could influence the 

multi-component condensation has rarely been reported[2]. This study aims to evaluate the importance of 

non-ideality and reverse Stefan flow in multicomponent condensation via experiments and theoretical 

analysis. 

 

 

 
 

Figure 1. multi-component vapor condensation on ultrafine particles 
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METHODS 

 

Environmental scanning electron microscopy (ESEM) will be used to characterize the condensation on 

nanoparticles. ESEM was adopted with a vapor generator to inject vapor into ESEM. A high-precision 

Peltier cooler was installed in ESEM to control the surface temperature and to allow the condensation of 

multi-component vapor (see Fig. 2). The Peltier cooler was wrapped by a thick layer of thermal insulation 

foam to avoid condensation on the cooling stage. A small thermal conductor was attached to the Peltier 

cooler to cool down the sample surface which was covered by nanoparticles. The time-resolved 

condensation on nanoparticles could be clearly observed when the particle pressure of multi-component 

vapor is a little above the saturated pressure of it. Lv et al.[3] successfully used the similar method to 

observe the water condensation on particles but multi-component condensation has not been investigated 

using this method yet. 

 

 
Figure 2. Sketch of the experimental setup for multi-component condensation using ESEM 

 

The multi-component condensation on flying nanoparticles will be investigated in a condensation particle 

counter (CPC). CPC is a machine that detects and counts aerosol particles by enlarging them using the 

condensation theorem. The hot supersaturated vapor flow was mixed with the aerosol flow in CPC before 

entering a cooling tube where vapor is condensed on particles to enlarge the particle size. CPC can detect 

only particles larger than a specific size. In this way, the condensation rate and the growth rate of particles 

can be analyzed quantitively by identifying the counting efficiency (the ratio of the number of detected 

particles to the number of total particles). This experiment will inject multi-component vapor into CPC to 

investigate the underlying physics of multi-component condensation on flying nanoparticles. 

 

 

CONCLUSIONS 

 

Some preliminary results are given bellow: 

1) The reverse stefan flow induced by the difference of component concentration play a non-negligible 

role on the condensation of multi-component vapor on nano-particles, it enhances the thermal resistance of 

condensation and leads to the hysteresis phenomenon.  

2) The non-ideality of the mixing vapor has a big influence on the heterogenous condensation process, 

reducing the high-volatile component of the mixing vapor significantly promote the condensation rate of 

the particle.   

 

392



ICNAA2023 extended abstract 

 

ACKNOWLEDGEMENTS 

 

This authors acknowledge the support of National Science Foundation of China. 

 

REFERENCES 

 

[1] B. Kärcher, Formation and radiative forcing of contrail cirrus, Nat. Commun. 9 (2018) 1–17. 

https://doi.org/10.1038/s41467-018-04068-0. 

[2] Y. Li, Z. Gan, X. Zhang, M. Nie, H. Zhang, Mechanism of stefan flow in the collection of particles 

on evaporating/condensing surfaces: A review, Ind. Eng. Chem. Res. 60 (2021) 4766–4776. 

https://doi.org/10.1021/acs.iecr.0c06076. 

[3] L. Lv, J. Zhang, J. Xu, J. Yin, Heterogeneous condensation process observed by environmental 

scanning electron microscopy (ESEM): On smooth single aerosol particle, Aerosol Sci. Technol. 

54 (2020) 1515–1526. https://doi.org/10.1080/02786826.2020.1796460. 
 

393



 

RADIOCARBON-BASED SOURCE APPORTIONMENT FOR THE SIZE-

RESOLVED AEROSOLS IN NORTHERN THAILAND 

YAN-LIN ZHANG1, WENHUAI SONG1,2 

1School of Applied Meteorology, Nanjing University of Information Science and Technology. 

Nanjing 210044, China 

2Department of Chemistry, Biochemistry and Pharmaceutical Sciences & Oeschger Centre for 

Climate Change Research, University of Bern, Bern, 3012, Switzerland 

Keywords: Biomass burning, Carbonaceous aerosols, Biogenic secondary organic aerosols, 

Machine learning 

 

To study the role of biomass burning (BB) in air pollution at upper-northern Thailand, the 

quantitative analysis for the sources of size-resolved carbonaceous aerosols from Chiang Mai 

was carried out by using the radiocarbon (14C) based source apportionment. BB-derived aerosol 

contributed the most to carbonaceous aerosols and is majorly distributed in fine particles (Dp 

< 2.1 μm). Fossil fuel-derived carbonaceous aerosol shows an unexpectedly even distribution 

in fine and coarse particles (2.1 < Dp < 10 μm). BB-derived organic carbon (OCbb) and 

elemental carbon (ECbb), as well as fossil fuel-derived EC (ECf) showed unimodal size 

distribution with a peak at 0.43-0.65 μm. While OCf displayed a bimodal mode with the major 

peak at 2.1-10 μm, and the minor one at 0.43-0.65  μm, which indicates different sources in 

different size ranges. The enhanced biogenic secondary organic aerosols (eBSOA) caused by 

the open burning during high BB (HBB) season were assessed by coupling machine learning 

and 14C datasets. The results show that open burning enhanced the production of BSOA by 
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189  ± 80% on average, and the eBSOA was predominantly distributed in sub-micron particles. 

In general, the fine particle loading is controlled by combustion sources and BSOA, and is 

significantly aggravated during HBB. The coarse particle level is mainly affected by biogenic 

primary organic aerosols (BPOA) and vehicle emissions. Our results highlight the critical 

importance of controlling open fires to reduce air pollutants and the potential exposure risk. 
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INTRODUCTION 

Primary biological aerosol particles (PBAPs) are emitted from Earth’s biosphere, including pollen, 
fungal spores, virus, bacteria, and plant debris. PBAPs are linked to adverse health effects and have the 
potential to influence ice nucleation at warmer temperatures, further impacting overall climate and 
hydrological cycles. Anemophilous (or wind-driven) pollen is one type of PBAP, their emission is 
driven by climate factors (including temperature, precipitation, and CO2) (Wozniak and Steiner, 2017; 
Zhang and Steiner, 2022). The emitted pollen grains can rupture under high humidity to form smaller 
sub-pollen particles (SPP). Both pollen and SPP can be lifted to the upper troposphere under 
convective conditions, readily take up water and serve as cloud condensation nuclei (CCN) and ice 
nucleating particles (INPs), and therefore impact cloud formation and reflectivity (Kanji et al., 2017). 
Depending on the amount of SPPs produced by one pollen grain, SPPs can exert different magnitude 
of effects on the precipitation (Wozniak et al., 2018). Although biological aerosol have been observed 
frequently in clouds (Pratt et al., 2009) and have proven to be effective INPs in previous studies (Testa 
et al., 2021), they are typically not included in emission inventories. Thus, it is difficult to quantify 
their effects on cloud formation and local climate. 
 
Here, we include the emission and rupture of pollen in Weather Research and Forecast model (WRF-
Chem; Grell et al. 2005) simulations and investigate the impacts of pollen and SPP on both warm and 
ice clouds in the South Great Plains (SGP) region of the United States. We update the Morrison 
microphysics scheme inside WRF-Chem using aerosol-aware INP parameterizations for heterogeneous 
freezing (immersion, contact, and deposition freezing) and homogeneous freezing. The updated 
microphysics scheme simulates ice nucleation from other anthropogenic and natural aerosol (dust, soot, 
sulfate etc.) as well as pollen and SPP. The INP parametrizations for pollen and SPP are obtained from 
laboratory experiments, and we include these new parameterizations to evaluate pollen and SPP effects 
on cold cloud formation in a suite of WRF-Chem simulations. Overall, this work combines lab 
experiments and model simulations to provide insight into understanding biological aerosol-cloud 
interactions and aerosol climate effects.  

 
METHODS 

 
MODEL DEVELOPMENT 

 
Pollen emissions are simulated by Pollen Emissions for Climate Models version 2.0 (PECMv2.0) ( 
Wozniak and Steiner, 2017; Zhang and Steiner, 2022), which is a climate-flexible model that simulate 
gridded daily pollen emissions for 13 different types of pollen emitting vegetation (Fig. 1). We 
incorporate the simulated total daily pollen emission into a modal aerosol module in WRF-Chem, the 
Modal Aerosol Dynamics Model for Europe (MADE) aerosol model with the Secondary Organic 
Aerosol Model (SORGAM). Pollen is added as a new tracer in WRF-Chem to simulate pollen emission, 
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rupture, transport, and their fate in the atmosphere (Subba et al., under review). To evaluate the effects 
of pollen and other aerosol on cloud microphysics, we update the Morrison microphysics scheme 
(Morrison et al., 2005) within WRF-Chem. The original Morrison scheme is a two-moment bulk 
stratiform cloud microphysics scheme that tracks number concentration and mass mixing ratio for five 
hydrometeors (cloud droplets, raindrops, snow, ice and graupel) (Morrison et al., 2005). The main 
heterogeneous ice formation processes include immersion, contact, and condensation/deposition 
freezing and are simulated by temperature-dependent only INP parametrizations (Bigg, 1953; Cooper, 
1986; Meyers et al., 1992). Here, we replace these previous parameterizations with aerosol-aware 
parameterizations from previous literature that show improved agreement of ice number-temperature 
correlations observed in natural environment (DeMott et al., 2010). For mixed-phase cloud, we utilize 
the DeMott et al. (2010) parametrization (hereafter D10) to simulate the immersion and contact freezing 
from aerosol with diameters larger than 0.5 𝜇𝑚, including soil dust, sea salt, and anthropogenic aerosol. 
Additionally, we include INP parametrizations obtained from laboratory experiment (Hendrickson et al. 
under review; hereafter H23), which quantified the contact and immersion freezing temperatures of 
pollen grains and the immersion freezing temperatures of SPP, as well as updated rupture rates for 
pollen to SPP.  For cirrus cloud (with temperature lower than -40℃), we add homogeneous freezing of 
aqueous solution aerosol (Koop et al., 2000) and heterogenous freezing of dust and soot (Ullrich et al., 
2017). The aerosol impacts on cirrus clouds depends on the competition between these two freezing 
mechanisms, which is determined by both the number of homogeneous and heterogenous freezing 
particles and the updraft velocity (Liu and Penner, 2005). All aerosol implemented in the aerosol-aware 
microphysics are determined prognostically from the aerosol chemistry component of the model. 
 

MODEL DOMAIN AND CONFIGURATION 
 

The WRF-Chem model simulation domain is centered on the Southern Great Plains (SGP) of the United 
States bounded by 33.4-39.6ºN and 93.5-101.5ºW (as shown in Fig.1). The domain has 224 × 224 grid 
cells horizontally with 3 km spacing. The 45 vertical layers range from 1000-50mb. Because the SGP 
region frequently experiences severe weather, we select this domain to conduct a case study based on 
one convective event from 17-18 April 2013. During these high convective days, pollen can be 
transported to the upper atmosphere and has the potential to impact cloud formation (Subba et al., under 
review). Prior work by Subba et al., (under review) analyzing this event found the model can represent 
the convective system and regional aerosol concentrations. For all simulations, initial and boundary 
meteorological condition are produced from the National Centers for Environment Prediction (NECP) 
North America Mesoscale Forecast System (NAM) data. The gas-phase and aerosol chemistry are 
simulated with the RADM2-MADE-SORGAM models for gas and aerosol-phase chemistry. 
Anthropogenic emissions are derived from the 2011 US EPA National Emissions Inventory (NEI) and 
biogenic emissions are simulated by the Model of Emissions of Gases and Aerosols from Nature version 
MEGAN v2.1 biogenic emissions. The chemical initial and boundary conditions are simulated by 
MOZBC from the Model for Ozone and Related chemical Tracers (MOZART) model.  
 

SIMULATION DESIGN  
 

To test pollen and SPP effects on mixed-phase cloud formation, we designed 5 different sensitivity 
experiments (Table 1). Five ensemble members are conducted for each sensitivity experiment from 
April 11-20, 2013, with a 6-hr difference in the start time to alter initial conditions. The first experiment 
‘Control’ is simulated using the updated Morrison microphysics scheme described above, where the 
mixed-phased cloud scheme (D10) includes all aerosol except pollen and SPPs. Experiment ‘POLp’ 
adds primary pollen only (no pollen rupture) to the anthropogenic and natural aerosol in the D10 scheme 
to simulate immersion and contact freezing from pollen. Experiment ‘POLp+s’ turns on pollen rupture 
and includes both pollen and SPP in the D10 scheme. Experiment ‘H23’ simulates contact and 
immersion freezing from pollen and SPPs using a newly developed pollen INP parametrization (H23). 
Experiment ‘H23+rup’ also use H23 scheme to simulate pollen and SPP ice nucleation and increases the 
pollen rupture rate from 1000 SPPs/grain to 1.25 ×	105 SPPs/grain based on the recent lab study 
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(Hendrickson et al. under review). The model simulation results from experiment ‘Control’ are 
evaluated using observation data from Atmospheric Radiation Measurement (ARM) SGP sites, 
indicating the improved Morrison scheme has a better representation of convective system vertical 
structure than the original Morrison scheme.  
 

Experiment Name Description 
Control Updated Morrison Microphysics scheme (including D10) without pollen. 
POLp Adds primary pollen (POLp) in D10 scheme 

POLp+s Adds both primary pollen and SPPs in D10 scheme 
H23 Revises freezing temperatures for primary pollen and SPP based on H23 

laboratory experiments 
H23+rup H23 freezing rates + H23 rupture rates 

 
Table 1. WRF-Chem cloud microphysics sensitivity experiments 

 
CONCLUSIONS 

 
We select one study region (region R) over the model simulation domain to evaluate different model 
experiments (Fig.1). This selected region has high primary pollen and SPPs concentrations, and the 
convective system passes through region from 17-18 April 2013. We compare spatially averaged 

vertical ice number concentration for the Control 
simulation in region R (Fig. 2a) and compare the 
percent change in ice-phase hydrometeors between 
different simulations and the Control simulation 
(Fig. 2b-e). As simulated by the Control simulation 
(Fig. 2a), the convective system passes through R1 
from 17 April 2013 18:00:00 to 18 April 2013 
09:00:00, forming ice phase hydrometeors up to 
1000 per g dry air at about 9-14km. Lower 
concentrations (200-400 per g dry air) are present 
at lower altitudes (4-8km). After adding primary 
pollen grains in the ice nucleation simulated by 

D10 parameterization (POLp experiment), more ice (up to 90%) are simulated in the mixed-phase 
cloud (at around -30℃) and less ice (up to -70%) are simulated in the ice cloud after the convective 
system. However, these changes are relatively small and occurs in a short time duration. When adding 
SPPs in the simulation (experiment POLp+s; Fig. 2c), there are larger changes in the ice cloud (increase 
up to 100%) with a longer time duration.  Revising the pollen freezing rates (experiment H23) 
increases the ice number concentration about 60% (Fig.2d) at 4-8km altitude.  Increasing the rupture 
rates (H23+rup) increases the  SPP concentration by a factor of 2, which increases both ice cloud 
(>100%) and mixed phase cloud (up to 80%) ice number concentrations at the end of the convective 
system (18 April 2013 9-12:00:00), potentially extending the duration of the convective system. 

Figure 1. WRF-Chem simulation domain with the 
averaged (11-20 April 2013) spatial concentration of 
(a) pollen (𝑔𝑟𝑎𝑖𝑛𝑠/m3) and (b) SPPs (𝑔𝑟𝑎𝑖𝑛𝑠/m3). 
Red dashed square (region R) bounds the study region 
for the following analysis of different experiments.    

Figure 2. Spatial (region R) averaged vertical ice number concentrations (g-dry air-1) of (a) experiment Control. b-e 
show the difference between experiment Control and experiment (b) POLp, (c) POLp+s, (d) H23, and (e) H23+rup, 
respectively (∆	experiment = experiment-Control). X-axis is time duration, ranging from 17 April 2013 12:00:00 to 
18 April 2013 12:00:00, and y-axis is height (m). The results showing here are 5-ensemble member averages. 
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Overall, our results highlight that the addition of PBAPs such as pollen and SPPs can alter 
hydrometeors in a convective system, with .more SPP leading to greater increases in ice 
concentrations. Although new laboratory results indicate that pollen grains are more effective INPs 
than SPPs, the concentration of SPP is higher and more SPPs can be lifted to the upper atmosphere. 
Additionally, the newly developed pollen-specific parametrizations simulate more ice from pollen in 
the mixed-phased cloud than the previous parametrizations that do not distinguish the aerosol 
composition, suggesting that methods do not specifically account for the freezing properties of primary 
biological aerosol such as pollen may underestimate pollen effects in ice and mixed phase clouds. 
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INTRODUCTION 

 

Dust aerosol is a key concern for air quality at the global scale (Houghton et al., 2001; Tegen and 

Schepanski, 2009). Most of the previous studies of dust are based on satellite observations, model 

calculations, and laboratory experiments, including dust transport pathways (Bozlaker et al., 2013; Jin et 

al., 2022), aerosol optical and physical properties (Gui et al., 2022; Yus-Díez et al., 2021), chemical 

compositions and morphology (Bora et al., 2021; Engelbrecht et al., 2016). Traditionally, dust is defined 

by meteorological parameters, such as dust aerosol optical depth in satellite observations (Remer et al., 

2005; Song et al., 2022). Observations suggested that dust can carry a large number of mineral elements, 

such as transition metal oxides and carbonates (Gao et al., 1992) with a sharp decrease in relative humidity 

and fine particle concentrations (Zhu et al., 2020). Meanwhile, dust particles can also react with acidic 

gaseous pollutants in polluted areas and participate in the physical and chemical reactions in the 

atmosphere (Shang et al., 2010; Zhao et al., 2018). However, to our best knowledge, studies related to the 

full characterizations of dust influence on the changes in meteorological conditions, air quality, and PM2.5 

chemical components in megacities are still limited. 

 

METHODS 

 

In this study, we applied a Principal Component Analysis (PCA) model (Bartlett, 1951) to construct a dust 

pollution determination based on a year-long measurements of various urban PM species (Mn, Pb, Ti, K, 

Si, Br, Ca, Fe, Ba, Cl, NH4, OA, NO3, SO4, BC, PM2.5, and PM10) in Beijing. We compared our method to 

other  two common dust definitions: calculating the coarse fraction of PM10 (Guan et al., 2018) and using 

the crustal matter equation of PM2.5 to determine the dust fraction (Liu et al., 2022). Through this analysis, 

we evaluated the strengths and limitations of each approach and identified different types of dust 

pollution. Furthermore, we discuss the influence of dust particles on the other secondary pollutants during 

the selected dust pollution type days and the seasonal variations for dust pollution in Beijing. 
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CONCLUSIONS 

 

We found that regional dust pollution can be effectively identified by PCA model. As shown in Fig.1, the 

coarse fraction method and the dust fraction method are affected by the measurement of PM2.5 and PM10, 

especially when the mass concentration of PM is very low, some data points that do not belong to the dust 

types will be selected out. Additionally, the dust fraction method is also affected by high ratio of PM2.5 to 

PM10, further reducing the accuracy to identity dust types. These two methods are not suitable for specific 

identification of regional dust pollution, but can screen suspended dust events. Finally, we divided dust 

into three types: regional dust comes from northern or north-western regions (N-regional dust); regional 

dust comes from southern regions (S-regional dust); and suspended dust (Tab.1). 

Under regional dust pollution, the mass concentration of PM10 and PM2.5 increased by 5.6 times and 2.1 

times, respectively, when compared to clean days (Fig.2). At the same time, the mass concentration of 

metal elements related to dust, such as Si, Ti, Ca, and Fe, increased significantly by 17.6 times, 10.6 times, 

8.3 times, and 5.6 times, respectively. O3 increased about 20% that can be influenced by the transport of 

O3 in the residual layer following the air mass of dust.  In contrast, Nitrate, sulphate, ammonium, and 

organic pollutants were reduced by 89%, 47%, 68%, and 61%, respectively. This suggest that the dust air 

mass affected the generation of secondary pollutants. The present study provides a comprehensive analysis 

of the effects of dust aerosols on changes in meteorological conditions, air quality, and PM2.5 chemical 

components in megacities, thereby advancing the understanding of the chemical and physical properties of 

dust aerosols. 

 

Dust type 
𝑃𝑀10 max 

(μg/m3) 

Dust frequency (time) 
Method 

Winter Spring Summer Autumn 

N-regional dust 697 3 2 0 4 PCA 

S-regional dust 729 0 1 0 0 PCA 

Suspended dust < 100 / / / / Others 

Note: N-regional dust means regional dust from northern or north-western regions;  

          S-regional dust means regional dust from southern regions. 

          Others include the coarse fraction method and the dust fraction method. 

 

Table 1. The different dust types in Beijing in 2019. 

 

 
Figure 1. The comparison of different dust selection methods. Coarse ratio is the calculated coarse fraction 

of PM2.5 (> 0.4); Dust ratio is the dust fraction calculated by dust equation in PM2.5 (> 0.6); PCA model is 

selected by the calculated scores of PCA results. 
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Figure 2.  Comparison of PM10, PM2.5, and 15 species of PM2.5, four trace gases (NO2, SO2, O3 and CO), 

and two parameters (RH and visibility) between dust and clean type. 
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