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Flux and concentration measurements of carbon dioxide and ozone in a forested environment

Petri Ilkka Rinaldo Keronen
University of Helsinki 2017

This thesis compiles the setup and characteristics of the CO2, H20 vapour and Oz eddy-
covariance flux and concentration profile measurement systems and the calibration arrangements at
the Station for Measuring Forest Ecosystem—Atmosphere Relations (SMEAR 1) of the University
of Helsinki. A commercial chemiluminescence O3 analyser operating on a liquid reagent solution
was modified to improve its suitability and reliability in long term eddy-covariance measurements.
Fluxes of CO, and Os were also determined with the flux-profile method relating the fluxes to the
observed concentration profiles and by using the data the eddy-covariance and the flux-profile
method were compared and the performances were evaluated. A separate measurement system
utilising a commercial, low cost Non-dispersive Infrared-absorption analyser incorporating an
automatic calibration system for measuring atmospheric CO2 mole fraction was developed, tested

and the performance of the system was evaluated.

The modifications made to the reagent liquid flow system improved the reliability of the eddy-
covariance O3 analyser. The flux-profile method was proven to be a suitable method for both CO>
and Oz flux measurements above forest canopy. The fluxes measured with the eddy-covariance and
flux-profile method agreed during daytime under unstable conditions. At night-time the flux-profile
method estimated higher respiration of CO> and stronger deposition of Os, but no apparent reason
for over- or underestimation by either method was identified. The night-time eddy-covariance
fluxes had a specious dependence on turbulence even after storage flux correction and for Os also
the chemical sink strength was evaluated as negligible. Accounting for vertical advection removed
the apparent dependencies. However, while accounting for the vertical advection flux seemingly
resulted in invariance of CO exchange and Oz deposition rate on turbulence intensity at the
SMEAR |1 site, the importance for estimating e.g. net ecosystem exchange (of CO) by different

ways at flux tower sites was stressed.

The atmospheric CO2, mole fraction measurement system had an estimated accuracy of 0.3-0.4
umol mol?, an estimated measurement uncertainty +0.2 umol mol* and its data coverage was 95
%. In a comparison between the measured atmospheric CO, mole fraction data and the data of
MACC-I1 atmospheric transport model simulation for the SMEAR 11 site the trend and phase of the

data sets were observed to generally agree and the bias of the simulation, =0.2 pmol mol?, was



within the accuracy of the measured data. Overall, the result of the comparison implied that the CO>
mole fraction data from the SMEAR 11 station would clearly have the potential to be assimilated in

the global inverse simulations.



Contents

LISt OF PUBTICALIONS ..ot e e nee e 9
=] {10 0] TSP OTPR PRSP 10
Acronyms and chemical COMPOUNGS..........cooiiiiiiiiiii e 11
IO L1 oo [F s [o] o ISP OUPR PR 13
2. Materials and MENOUS ... .....cuiiiiiie bbb 18
2.1 Measurement Site SMEAR .........ooiiiiii e 18
2.2 Past and current measurement systems at SMEAR 11 Station ...........cccocceeviieniiicniiienene 21
2.2.1 Eddy covariance measurement SYSEMS.......couueeiiiieiiiiieeiieeesiieeesrieeeseeeesieeesieeeseeas 23
2.2.2 Gas profile measurement SYSTEM .........cou it 30
2.2.3 CO2 mole fraction measurement SYSTEM .......c.uuviiuiieiiiieiiee e 36
2.2.4 Valve control, measurement timing and signal recording ..........cccccceevvveeniieeiiiennnn. 39

2.3 Measurements — gas analysers, sample air conditioning, operational procedures,

diagnostics monitoring and calibration arrangementsS...........cccoiveeiiie e 41
2.3.1 Eddy covarianCe MeasUIEMENTS .........cueeeiurreiriieeaieeeesieeeesireeesseeeesneeesseneesseessnseeeeees 41
2.3.1.1 Gas analysers LI-6262 and LOZ-3..........cccceiiiiiiiiieiiiie e 41

2.3.1.2 Operational procedures and diagnostics monitoring of eddy-covariance

INSEFUMENTALION ......eiiitiiee et e bt e et e e st e e e bt e e e beeeeneee s 46
2.3.2 Gas profile and CO2 mole fraction Measurements ...........cccveeveeeeiieeeiieee e 48
2.3.2.1 GAS ANAIYSEIS. ...ttt 48

2.3.2.2 Operational procedures and diagnostics monitoring of gas profile and CO2 mole

fraction measurement INStrUMENTALION .........cueviiiieiiiie e 52
2.3.3 Calibration arranQgeMENLS .........eeiurieiiiee it ettt e et e e abeeeanneas 54
2.4 Accounting for vertical advection in night-time CO2 and Oz flux estimates...................... 64

2.5 Assessment of the measured CO2, mole fraction data as input for modelling of regional CO-

3o g =T TP 66

3. REVIEW OF Tthe PAPEIS ..ot nes 70



A, AUTNOES CONTIDULIONS ...ttt et e e ettt e e ettt e e e e e e e e e e eanenns

5. SUMMArY and CONCIUSIONS ......coiiiiiieiiiie ittt st e et e e e e e neeas

References



List of publications

This thesis consists of an introductory review and five research articles. In the thesis, these articles

are cited according to their roman numerals.

l. P. Keronen, A. Reissell, U. Rannik, T. Pohja, E. Siivola, V. Hiltunen, P. Hari, M. Kulmala
and T. Vesala. 2003. Ozone flux measurements over a Scots pine forest using eddy covariance
method: performance evaluation and comparison with flux-profile method. Boreal Environment
Research 8: 425-443. Reprinted with the permission of the Boreal Environment Research
Publishing Board.

1. U. Rannik, P. Keronen, P. Hari and T. Vesala. 2004. Estimation of forest-atmosphere CO;
exchange by eddy covariance and profile techniques. Agricultural and forest meteorology 126:
141-155. Reprinted with the permission of Elsevier B.V under the terms of the license number
4187601397222,

1. P. Keronen, A. Reissell, F. Chevallier, E. Siivola, T. Pohja, V. Hiltunen, J. Hatakka, T.
Aalto, L. Rivier, P. Ciais, A. Jordan, P. Hari, Y. Viisanen and T. Vesala. 2014. Accurate
measurements of CO, mole fraction in the atmospheric surface layer by an affordable
instrumentation. Boreal Environment Research 19 (suppl. B): 35-54. Reprinted with the permission

of the Boreal Environment Research Publishing Board.

V. I. Mammarella, P. Kolari, J. Rinne, P. Keronen, J. Pumpanen and T. Vesala. 2007.
Determining the contribution of vertical advection to the net ecosystem exchange at Hyytiél4 forest,
Finland. Tellus 59B: 900-909. Reprinted under the terms of the Creative Commons Attribution

License (http://creativecommons.org/licenses/by/4.0/).

V. U. Rannik, 1. Mammarella, P. Keronen and T. Vesala, 2009. Vertical advection and
nocturnal deposition of ozone over a boreal pine forest. Atmos. Chem. Phys. 9: 2089—-2095.
Reprinted under the Creative Commons Attribution 3.0 License.


http://creativecommons.org/licenses/by/4.0/

Definitions

accuracy — closeness of a measurement system’s results for a quantity to the reference value of the
quantity

bias — directed difference between the average of a measurement system’s results for a quantity
and the reference value of the quantity

concentration — amount a constituent in grams divided by the volume of a mixture

critical orifice —An orifice plate restricting air flow and maintaining the volumetric flow rate
nearly constant when the absolute pressure ratio across the orifice plate is less than 0.53 as the flow
reaches a maximum limiting condition where the velocity is the flow speed of sound (Hinds 1999).
in-situ — A phrase describing that a measurement is performed immediately on site without
extracting a sample to a later analysis.

noise — random fluctuations in the measurement signal of a quantity

manifold — a pipe or chamber having multiple apertures for making connections.

mixing ratio — amount of a constituent in moles divided by the total amount of all other
constituents in moles in a mixture

mole fraction — amount of a constituent in moles divided by the total amount of constituents in
moles in a mixture

offset — difference between the average of a measurement system’s results for a quantity and the
reference value of the quantity

precision — closeness of a measurement system’s results for a quantity to the average value of the
results

Reynolds number (Re) — A dimensionless number indicating whether a fluid flow inside a tube is
in a laminar, transitional or turbulent regime.

resolution — the smallest change in the measurement signal of a quantity that can be discriminated
from the signal noise

rotameter — a device that gives the flow rate of fluid with a rotating float in a closed tube of a
gradually varying cross-sectional area (Hinds 1999)

uncertainty — a parameter associated with a measurement result that characterises the dispersion

of the values of quantities that are reasonably attributed to the result


https://en.wikipedia.org/wiki/Flow_rate

Acronyms and chemical compounds

amsl — above mean sea level

VOC —volatile organic compound

BVOC — biogenic volatile organic compound

C — carbon

CFC — chlorofluorocarbon

CH4 — methane

CO — carbon monoxide

CO, — carbon dioxide

CPC — condensation particle counter

EUROFLUX — A European Commission funded scientific project on Long term carbon dioxide
and water vapour fluxes of European forests and interactions with the Climate System

EC — eddy covariance; a method to determine vertical turbulent fluxes by combining simultaneous
records of measured fluctuations of vertical wind speed and concentration of a compound

FEP — fluorinated ethylene propylene plastic; copolymer of hexafluoropropylene and
tetrafluoroethylene

FMI — Finnish Meteorological Institute

GAW — Global Atmosphere Watch (program of the World Meteorological Organization)

GC — gas chromatography; chemical separation and analysis of compounds that can be vaporized
GHG — greenhouse gas; an atmospheric gas trapping the heat in the atmosphere by absorbing
infrared radiation

H>O — water

hydrocarbons — organic compounds consisting entirely of hydrogen and carbon atoms,

ICOS — Integrated Carbon Observation System

IPCC — Intergovernmental Panel on Climate Change

isoprene (CsHg) — a biogenic volatile organic compound; produced and emitted by e.g. trees
MACC-II — Monitoring Atmospheric Composition and Climate — Interim Implementation
monoterpene (C.His) — a biogenic volatile organic compound; a class of terpenes consisting of
two isoprene units; produced and emitted by e.g. trees

MPI1-BGC-GasLab — Max-Planck-Institute for Biogeochemistry-GasLab

NDIR — non-dispersive infrared



NEE — net ecosystem exchange

NNW — north-northwest

NO — nitrogen monoxide

N20 — nitrous oxide

NO2 — nitrogen dioxide

O3 — ozone

PFA — perfluoroalkoxy alkane plastic; copolymer of tetrafluoroethylene and perfluoroether
PID controller — a proportional-integral-derivative controller used in (process) systems and
instruments to keep a variable at a desired setpoint

PTFE — polytetrafuoroethylene plastic

sesquiterpene (C1sH24) — a volatile organic compound; a class of terpenes consisting of three
isoprene units; e.g. beta-caryophyllene

SMEAR — Station for Measuring Ecosystem-Atmosphere Relations

SO, — sulphur dioxide

TEI — Thermo Environmental Instruments

UEF — University of Eastern Finland

UHEI-IUP — University of Heidelberg — Institut fir Umweltphysik

UHEL — University of Helsinki

URAS — Ultra-Rot-Absorptions-Schreiber (Infra-Red-Absorption-Writer)

VOC — volatile organic compound

VTT — virtual tall tower;

WMO — World Meteorological Organization



1. Introduction

Carbon dioxide (CO2) and ozone (O3) are both naturally occurring gas components in the
atmosphere, but their concentrations are also significantly affected by human activities according to
the consensus in the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC 5™ AR; Cubasch et al. 2013). They both are among a group of so called Green House Gases
(GHG) affecting significantly the climate through their ability to absorb the long wave (infrared)
radiation emitted by the Earth’s surface. This natural process, generally called as Green House
Effect, contains the heat of the solar radiation in the atmosphere and keeps the global average
temperature at a level favourable for living organisms. In order of decreasing atmospheric
abundance the GHGs include water vapour (H20), carbon dioxide, methane (CHa4), nitrous oxide
(N20), ozone and chlorofluorocarbons (CFC). While the abundance of H.O vapour is not increased
by human activities, the concentrations of the other gases have increased considerably due to
anthropogenic emissions, following the industrial revolution, resulting to an amplified warming of
the atmosphere due to human activities, referred to as Enhanced Greenhouse Effect (Park and
Allaby 2017). The observed increase in the anthropogenic GHG concentrations is very likely the
reason for most of the observed increase in global average temperatures since the mid-20™" century
(IPCC 4" AR; Forster et al. 2007).

COgz is an inert compound in the atmosphere. Plants use the carbon (C) from it, along with water
from soil, to produce sugars in photosynthesis and at the same time the plants are constantly using
the sugars in growth and maintaining vital functions (Hari et al. 2008). The production of the sugars
is a sink while the use of sugars is a source from biosphere for the atmospheric CO- (plant
respiration). Respiration by animals and vegetation and emission from soil following decomposition
of organic matter are also natural sources of CO> for the atmosphere. These natural sink and source
processes are oppositely directed in any ecosystem — atmosphere interface forming a continuous bi-
directional flow or flux of CO. between e.g. forest canopy and the atmosphere. This exchange flux
is crucial for the metabolism and growth of forests and other plant canopies, and increasing
atmospheric CO2 concentration in turn accelerates photosynthesis (Hari and Kulmala 2005,
Farquhar and Caemmerer 1982). For the carbon, this exchange is a continuous flow of mass
between the different reservoirs of atmosphere and biosphere. The sources of the most important

anthropogenic CO., notably burning of fossil fuels, have increased its flow into the atmosphere
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since pre-industrial times and as a result the global atmospheric CO2 concentration has increased
markedly (IPCC 4™ AR; Forster et al. 2007).

Os is, contrary to COz, a reactive compound participating in the oxidation of many gases. It has
an important role in atmospheric chemistry in troposphere (e.g. Seinfeld and Pandis 2016). O3 is
produced photo-chemically from nitrogen dioxide (NO-), which is its only net source in troposphere
(e.g. Seinfeld and Pandis 1998). Transport of the stratospheric ozone in stratosphere—troposphere
exchange events are also a source of ozone for the troposphere (Holton et al. 1995; Skurlak et al.
2014). Chemical reactions involving carbon monoxide (CO), methane (CHa), volatile organic
carbons (VOCs) and nitrogen monoxide (NO) contribute to the production and gas-phase loss
processes of Oz (Atkinson 2000; Isaksen et al. 2014; Fleming et al. 2006). The production and
destruction processes of Oz are the initiation of formation of other highly reactive compounds like
hydroxyl radical (OH), nitrate radical (NO3) or peroxy radicals (HO.+>xRO>) (Bonn et al. 2008). O3
is destroyed permanently at the contact with vegetation. This process is called deposition with
vegetation acting as a sink of Os. All canopy surfaces, that is leaves, needles and bark, are sinks for
Os (e.g. Coe et al., 1995; Rondon et al., 1993). Soil surface, that is bare ground, is also a significant
sink of O3 while deposition rates on snow surface are generally observed to be lower than on bare
ground surfaces (e.g. Stella et al. 2011; Helmig et al. 2007). In addition to this uptake by different
surfaces, there is Oz uptake also inside the foliage by the stomata in the needles and leaves (e.g. Coe
et al., 1995; Fowler et al. 2001; Altimir et al. 2006). This process or rather the proceeding reactions
inside the plant cause damage and injury, growth reduction and stress to the trees (Sandermann
1996, Karnosky et al. 2007). Ecosystem Os uptake can occur significantly also through gas phase
chemical reactions with biogenic volatile organic compounds (BVOCs) in situations where the
BVOC-emissions are enhanced (Goldstein et al. 2004).

Studies of the processes and phenomena occurring in any system need in principle measurements
of all the quantities relevant to the system. To study the processes and phenomena in the continuum
between atmosphere and any ecosystem, measurements of transport of matter and energy, storages,
atmospheric concentrations of matter, meteorological quantities and solar radiation need to be
considered (Hari and Kulmala 2005, Hari et al. 2009, Hari et al. 2016). In these ecophysiological
measurements, three goals should be clearly recognised: a) to describe the studied ecosystem, b) to
produce data sets to test models describing the ecosystem and c) to monitor all the information
needed to aggregate detailed level knowledge to obtain a more comprehensive understanding of the
studied ecosystem (Petgja et al. 2008). Especially in case of a forest ecosystem the measurements of

the vertical profiles of concentrations are important as there are differences in the sources and sinks
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between the soil surface, air space below the tree tops, the atmospheric surface layer and the outer
layer of the atmospheric boundary layer. Because the processes and phenomena depend on seasonal
changes happening daily and yearly in nature, the measurements evidently need to be performed
continuously. Atmospheric conditions and ecosystem state also have changes of even longer time

span so it is clearly necessary to conduct long-term, inter-annual and decadal measurements.

Clearly, the data obtained from the measurements overall need to be accurate and repeatable,
describing the measured quantities without bias and consistently, to facilitate a reliable analysis.
And when measuring small differences either in a spatial or temporal scale the measurements also
need to give precise data so that the noise of the signal does not supersede the natural variation of
the measured quantity. Measuring rapid changes of any quantity requires that instruments used in
the measurements have short response times. Studying seasonal and inter-annual changes requires
continuous long-term measurements and there a good stability and easy maintenance of

instrumentation is an additional important issue.

Initially (starting in 1930s) methods to measure fluxes of heat, momentum and moisture were
developed for the needs of meteorology and agriculture (e.g. Wesely et al. 1989). Since then
methods to measure fluxes of gases between the atmosphere and the canopy or soil surfaces have
been extended and modified to cover more gas species of interest like CO2, O3, CHs, N2O and
VOC:s (e.g. Dabberdt et al. 1993 and Guenther 2002). With aerodynamic methods (Wesely et al.
1989) fluxes are quantified in air and instruments are installed on towers or in aircrafts. The
measured fluxes represent the gas exchange rate of an area extending several hundred meters
upwind from the measurement point. Aerodynamic methods are based on micrometeorological

techniques measuring

§ the concurrent turbulent fluctuations of vertical wind speed and concentration
(continuous sampling eddy covariance method, e.g. Aubinet et al. 2012; disjunct
sampling eddy covariance method, e.g. Rinne et al. 2001, Rinne and Ammann 2012)

§ the vertical concentration profile (profile method, e.g. Wesely et al. 1989, Bocquet et al.
2011)

§ the concentration difference between up- and downward directed air-drafts (relaxed eddy
accumulation method, e.g. Ren et al. 2011; disjunct sampling eddy accumulation method,
e.g. Rinne et al. 2000, Edwards et al. 2012)

With non-aerodynamic methods (Wesely et al. 1989) fluxes are determined by measuring the rate of

change of concentration in an enclosure, i.e. by utilizing a chamber enclosing parts of a plant (or the
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entire plant), soil surface or water surface (e.g. Altimir et al. 2002, Breuninger et al. 2012, Pihlatie
et al. 2013, Podgrajsek et al. 2014). Specifically, in agricultural science evapotranspiration (loss of
water vapour) is measured by determining the rate of mass loss of tanks filled with both soil and
vegetation (so called weighing lysimeters, e.g. Fisher 2012). Obviously, in practice several
enclosures are needed and the gas exchange rate observed needs to be scaled up to cover the whole

ecosystem around the measurement point.

For the assessment of the combined uptake and emission of CO., i.e. net ecosystem exchange
(NEE), and uptake of Oz by the canopy, soil or water ecosystem additional measurements to the
flux observed at the measurement level are needed. The change of the storage below the flux
measurement level needs to be estimated (Aubinet et al. 1999). Also fluxes due to vertical and
horizontal advection may be significant especially during stable conditions (e.g. Massmann and Lee
2002) and for Os chemical reactions in the air may be significant. In simplified forms the

conservation equation can be written

0 +0 +0 +0 =Y+Y ()

where Frurs IS the observed (turbulent) flux, Fst is the storage change flux, Fva and Fna are the
vertical and horizontal advection fluxes, respectively, Ss is the NEE in case of CO- and the
ecosystem uptake in case of Oz and S is the sink term due chemical reactions in the air (Sa = 0 for
CO»). The storage change is routinely measured at micrometeorological sites by having additional
sample heights below the flux measurement level. In the assessment of Oz deposition to a forest and
any other canopy, the advection may be an important factor. And because of its chemical reactivity
the aerial and surface sink terms may also have a significant effect on the observed flux at the

measurement level.

At a stand or even a local scale (~1-10 km? area) the exchange of CO2 can be assessed by using
EC measurements and supplementary measurements of storage, advection and flux divergence (e.g.
Baldocchi 2003). But the quantification of the Earth’s carbon balance at regional scale (~102-10°
km? area) is a scientific challenge as the spatial coverage of the EC measurements is not adequate to
obtain estimates for regional scale flux and models utilising process studies and specific inventories
are not sophisticated enough to identify sources and sinks of CO2. Atmospheric inversion models
have been shown to provide reliable estimates of the terrestrial carbon balances in the scale of
subcontinental regions (e.g. Chevallier et al. 2010), but in many locations the accuracy of transport

model simulations for the CO, mole fraction is not better than a few pmol mol?. They would
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benefit from the assimilation of more measurements with accuracy a few tenths of pmol mol?, e.g.,
0.5 umol mol? (e.g. Chevallier et al. 2005; Masarie et al. 2011). In this context, usage of
atmospheric CO. mixing ratio data from flux tower sites would provide complementary information
about the fluxes for a simulation of the surface fluxes by an inversion model and reduce the

uncertainty of the simulated fluxes (Butler et al. 2010).

This thesis concentrates on the measurement of fluxes, concentration profiles and concentrations
of trace gases carbon dioxide (CO2) and ozone (Os) in a forest environment. The measurements
were performed at the SMEAR Il station (Station for Measuring Forest Ecosystem— Atmosphere
Relations; Hari and Kulmala, 2005) of the University of Helsinki (UHEL). The fluxes were
measured using both eddy-covariance (EC) and flux-profile methods (paper I, paper I1). In the O3
concentration measurements the focus was mainly on measurements of the vertical profile. In the
case of COz, the concentration was measured also at one fixed height in the surface layer to obtain
data for estimation of the CO> concentration in the atmospheric boundary layer (paper I11). In
addition to the flux calculation the profile data was used for estimation of storage and vertical
advection flux terms in the mass balance equations (e.g. Feigenwinter et al. 2004) for the net
ecosystem exchange (NEE) of CO; and the deposition of Os to the forest canopy (paper 1V, paper
V).

The aims of this thesis were

to develop and test the techniques and instruments applied in the eddy-covariance and
flux-profile methods used for assessing the forest-atmosphere CO; exchange and
deposition of O3 to forest at the SMEAR 11 station,

to construct an affordable instrumentation for measuring accurately ambient CO2 mole
fraction on top of flux towers or any tower of moderate height,

to assess the use of the CO, mole fraction data from the SMEAR 11 station as input for

inversion modelling of regional CO2 exchange at global to continental scale.

The thesis comprises modification of a commercial fast response Oz gas analyser to improve its
suitability in long term flux measurements (paper I), development and testing of an automatic
calibration system for a commercial CO> gas analyser in atmospheric mole fraction measurements
(paper 111), development of sampling and sample air conditioning instrumentation and methods to
improve the use of gas analysis instruments in changing ambient conditions and development of
procedures for monitoring instrumentation status to enable a more efficient allocation of the

maintenance tasks. The work included laboratory and field calibrations of the instruments and inter-
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comparisons with a reference CO, measurement system and with reference CO; standard gas
cylinders. The measurements are used to evaluate fluxes of CO2 and Os in a forest environment and
to study, for example, carbon balance (Vesala et al. 2010) and Os deposition of a boreal forest

ecosystems (Rannik et al. 2012).

2. Materials and methods

2.1 Measurement site SMEAR 11

All the measurements of this work were performed at the SMEAR 11 station. The station is
situated in southern Finland, Hyytidld, about 220 km to the north-west from Helsinki (Fig. 1). The
SMEAR I site is the central site of the ongoing SMEAR research program started in the beginning
of 1990s. The SMEAR station network is designed to provide continuous and comprehensive
measurements of mass flows, storages and concentrations of water vapour (H20), carbon dioxide
(CO2), atmospheric trace gases and atmospheric aerosols as well as momentum and energy fluxes in

the land ecosystem—atmosphere continuum (Hari and Kulmala 2005).

The operation of SMEAR 11 station started in summer 1995 (Haataja and Vesala 1997). Other
stations of the SMEAR network in Finland are SMEAR 1 (in operation since 1991; Hari et al. 1994)
in Varrio in Finnish Lapland, SMEAR 111 (in operation since 2004, Jarvi et al. 2009) in Helsinki
and SMEAR 1V (in operation since 2005, Leskinen et al 2009) in Kuopio in Eastern Finland. The
SMEAR 11 station is co-operated by UHEL and Finnish Meteorological Institute (FMI) and the
SMEAR 1V station is co-operated by FMI and University of Eastern Finland (UEF). The landmark
of the SMEAR 11 station is a micrometeorological measurement tower (Transmast \VU1200,
Transmast Oy, Helsinki, Finland). The tower (coordinates 61°50°50.69° "N, 24°17°41.17"E in the
WGS84, precisely EUREF-FIN reference frame) was erected in 1995 on a protruding bedrock
surface to a height of 73 m and in autumn 2011 it was extended to its current height of 127 m. The
elevation of the measurement site is 160-180 m above mean sea level (amsl) and the current highest

reaching measurement level is 324 m amsl.

Hyytidla is located in the boreal region within extended forest areas. The annual mean
temperature in the area is 3.5 °C. The warmest month is July (mean temperature 10.8 °C) and the
coldest is February (mean temperature of -11.5 °C). The annual mean precipitation is 711 mm.

These climatological statistics are from Juupajoki-Hyytiald meteorological station of FMI, located
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about 500 m east from the SMEAR Il measurement station and the data represents period 1981—
2010 (Pirinen et al. 2012).

The dominant tree species in the Hyytiéla area are Scots pine (Pinus sylvestris) and Norway
spruce (Picea abies), and in addition to them there are also broadleaved trees such as European
aspen (Populus tremula) and birch (Betula sp.) to some extent. The forest around the tower was
clear-cut and regenerated by a prescribed burning and sowing in 1962. Canopy height on the site
was ca. 13 min 1996 and in 2015 the height was ca. 18 m (Rantala et al. 2015). The tree population
growing in a 200 m radius around the tower consists mainly of Scots pine. The stand around the
tower is homogeneous for about 200 m in all directions, extending to the north for about 1 km. At
longer distances, there are also other stand types and differences in age and/or composition.
Towards the south-west at a distance of about 700 m there is an about 200 m wide, oblong lake
(Kuivajarvi), situated at 150 m amsl, perpendicular to the south-west direction. Detailed reports on
the land use categories and their respective abundancies around the SMEAR |1 station are given in
Haapanala et al. (2009) and Williams et al. (2011), and an inventory of tree biomass stores is
presented in llvesniemi et al. (2009).
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Figure 1. Location of the Smear Il site.
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Figure 2. Location of CO. emission point sources within 100 km distance from the Smear 11 site

(European Pollutant and Transfer Register; http://prtr.ec.europa.eu/).

The site is situated in a background area and represents a boreal coniferous forest, hence
evidently natural processes are important for the CO2 and Os concentrations and fluxes at the site.
The main known remote source areas for pollution are continental Europe, British Isles, Eastern
Europe, Southwest Russia (including St. Petersburg area) and Northern Estonia (Kulmala et al.
2000, Riuttanen et al. 2013). Nearby there are two anthropogenic sources of CO,, namely the
heating plant of the Hyytidla Forestry Field Station situated 0.6 km in direction 245° and a saw mill
and a local power plant in the village of Korkeakoski (about 2000 inhabitants) situated 7 km in
direction 145°, producing some local pollution. The nearest towns are Orivesi (about 10 000
inhabitants) at a distance of 22 km in direction 165° and Mantta-Vilppula (about 11 000 inhabitants)
at a distance of about 30 km in direction 39°, respectively. In direction/distance 69°/40 km, 78°/40
km and 183°/70 km there are paper mills (Jamsé&nkoski, Jokilaakso and Valkeakoski, respectively).
The closest bigger towns are Tampere (about 223000 inhabitants) at a distance of 40 km in direction
215°, Jyvéskyla (about 68 000 inhabitants) at a distance of 100 km in direction 58° and
Hé&meenlinna (about 68 000 inhabitants) at a distance of 95 km in direction 178° (Fig. 2). Sectors
270°-39° and 60°-140° are relatively free from major CO- sources to distance up to 300 km. There
are no major roads nearby, but the local emissions (of the Forestry Field Station) have been
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observed to increase the wintertime CO> fluxes (Suni et al. 2003). The role of the remote sources
and air mass trajectories is important. In case of CO; elevated concentrations are brought to the site
from Southwest Russia and Europe in winter and spring: And in case of Oz elevated concentrations
are observed in air masses coming from those areas in spring and summertime. But also in this
context the natural processes and seasonal conditions also affect the situation as e.g. in wintertime a
polluted air mass acts as a sink for Oz and in spring and summertime mainly as a source (Kulmala et
al. 2000).

2.2 Past and current measurement systems at SMEAR 11 station

The measurement systems at the SMEAR |1 measuring station were planned and implemented to
monitor the flows of material, energy and momentum between ecosystem and atmosphere. In the
beginning the station consisted of a 73 m high tower for micrometeorological, reflected solar
radiation, net radiation and trace gas concentration and flux measurements; an 18 m high
scaffolding tower for shoot scale gas-exchange measurements at the top of the forest canopy and for
incoming solar radiation and precipitation measurements above the canopy; soil-water and soil-
atmosphere measurement setups on two water catchment areas; a measurement cottage for aerosol
particle concentration and size distribution measurements and for sheltering gas analysers and
measurement computers. The original description of the SMEAR |1 station is given in Haataja and
Vesala (1997).

Over the years the measurement systems at the station have grown in number and in size and
installations have been extended outside the catchment area. The measurement cottage has been
enlarged and it now includes a dedicated room for instruments of central compressed air system and

a place for gas cylinders. Further the station has nowadays a central vacuum system.
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Figure 3. SMEAR Il measurement site seen from the West over the lake Kuivajarvi. 1) 127 m high
tower; 2) 18 m high scaffolding tower; 3) and 4) 16 m and 17 m scaffolding towers; 5) SMEAR
cottage; 6) 35 m high tower; 7) Forestry field station; 8) floating platform. (Photo courtesy of Katri

Leino).

Currently basic operation units (Fig. 3) are the 127 m high micro-meteorological tower (1) for
micrometeorological, solar reflected radiation, net radiation, long wave incoming and outgoing
radiation, and trace gas concentration and flux measurements; an 18 m high scaffolding tower (2)
with a small hut underneath for trace gas flux measurements; two additional scaffolding towers of
heights 16 mand 17 m for tree physiology measurements (3 and 4, respectively); SMEAR cottage
(5) for computers controlling the measurements and recording the data. The 127 m high tower also
incorporates sample lines of a separate measurement unit for greenhouse gas concentration
measurements, instrumentation for flux measurements and meteorological sensors of Integrated

Carbon Observation System (ICOS; https://www.icos-ri.eu/). In the vicinity of the catchment areas

there is a locus for aerosol particle, solar incoming radiation, additional trace gas and precipitation

measurements with several instrument containers and a 35 m high walk-up tower (6) for extending

the measurements above the canopy. Instruments for measuring solar radiance spectrum and the

atmospheric boundary layer height and vertical wind profile are installed on a roof of the Forestry
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