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Abstract. We measured volatile organic compounds (VOC), carbon d®XO-) and carbon monoxide’{O) at an urban
background site near the city centre of Helsinki, FinlandrtNern Europe. The VOC anldO, measurements were obtained
between January 2013 and September 2014 where&3Ja shorter measurement campaign in April-May 2014 was con-
ducted. Both anthropogenic and biogenic sources wereifgehfor VOCs in the study. Strong correlations between VOC
fluxes andCO fluxes and traffic rates indicated anthropogenic source afymDCs. The VOC with highest emission to
the atmosphere was methanol which originated mostly fraffitrand other anthropogenic sources. Traffic was also armajo
source for aromatic compounds in all seasons whereas rs@pvas mostly emitted from biogenic sources during summer.
Small traffic related isoprene emissions were detecteshduther seasons. Generally, the VOC fluxes were found to b# sm
compared with previous urban VOC flux studies. However, tifferénces were probably caused by lower anthropogenic
activities as the€2O, fluxes were also relatively small at the site.

1 Introduction

Micrometeorological flux measurements of volatile orgatwenpounds (VOC) in urban and semi-urban areas are limited,
although local emissions have major effect on the local @gibnal atmospheric chemistry and furthermore on air guali
(e.g. Reimann and Lewis, 2007 and references therein).eBiog/OCs, mainly isoprene and monoterpenes, affect hydirox
radical (OH) concentration, particle growth, and formataf photochemical oxidants (Atkinson, 2000; Atkinson aréyA
2003; Kulmala et al., 2004; Spracklen et al., 2008; Kazilet2d10; Paasonen et al., 2013). Long-lived compoundd) asc
anthropogenically emitted benzene, contribute also to \é@@entrations in rural areas (e.g. Patokoski et al., 22045).

VOCs may have both anthropogenic and biogenic sources anuateas which complicates the analysis of VOC flux mea-
surements made in these areas. Globally, most importamtaga@igenic sources are traffic, industry, gasoline evdioorand
solvent use (Watson et al., 2001; Reimann and Lewis, 200@s&a2009; Langford et al., 2009; Borbon et al., 2013 and ref
erences therein) whereas biogenic VOC sources withinscitielude mostly urban vegetation, such as trees and shnubs i
public parks and at street canyons. Based on previous masmrological flux studies, urban areas are observed to be a
source for methanol, acetonitrile, acetaldehyde, acetsnprene, benzene, toluene adgtbenzenes (Velasco et al., 2005;
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Filella and Pefuelas, 2006; Langford et al., 2009; Velasab. £2009; Langford et al., 2010; Park et al., 2013; Valachl.e
2015). In addition, concentration measurements conndotedurce models have shown emissions of various other VOCs,
such as light hydrocarbons, from urban sources (e.g. Waitsaln, 2001; Hellén et al., 2003, 2006, 2012). Monoterpenis-e
sions have surprisingly remained mainly unstudied, alghomonoterpenes have generally major effect on the atmdsphe
chemistry. For example, Hellén et al. (2012) found that nterpenes and isoprene together have a considerable rold-in O
reactivity in Helsinki, Southern Finland. Biogenic em@s$ might have also a considerable role in 0zddg) chemistry in
urban areas (e.g. Calfapietra et al., 2013).

The VOC flux measurements reported in literature have berdumted in the latitudes ranging from M@ to 53N, but
most of the measurement in the north have been conductedtishBsles with their relatively mild winters. Thus no meas-
ments have been reported from northern continental urbeasal/OC emissions from traffic are typically due to incortgle
combustion. This also results in emissions of carbon ma®iO), and thus the emissions of certain VOCs are potentially
linked with CO fluxes. However, only one of the publications on urban VOCdkimentioned above combine the VOC fluxes
with CO fluxes in their analysis. Thus our aim is to i) characterize MOC fluxes in a northern urban city over an annual
cycle, ii) to identify the main sources, such as traffic andetation, of aromatics, oxygenated VOCs and terpenoidsyusi
traffic counts, measure@O and carbon dioxide({O-) fluxes and the ambient temperatufé),(and iii) compare the VOC
fluxes with previous urban VOC flux studies to assess theioalat VOC fluxes toCO andCO fluxes in different cities.

2 Materials and methods
2.1 Measurement site and instrumentation

Measurements were carried out at urban background stalti@AR Il in Helsinki (60° 12' N, 24° 58’ E). The population of
Helsinki is around 630 000 (http://vrk.fi/default.aspx@idiz=8882&site=3&id=0, cited in 12 Dec 2015). The site issslified
as local climate zone 6 (Stewart and Oke, 2012) and it beltmtse humid continental climate zone with clear annual-vari
ations between four seasons: the monthly mean temperaties\from—4.9°C in February tal7.6°C in July (1971-2000,
Drebs et al., 2002; see also Fig. 1), and daylight hours rémoge6 to 19 h per day. SMEAR III consists of a 31-m-tall lagtic
tower located on a hill, 26 m above the sea level and 19-21 westhe surrounding terrain. The site is roughly five kilorastr
North-East from the Helsinki City Centre. According to thead direction, the measurement surroundings around thertow
can be divided into three areas: built, road and vegetatiesdla et al., 2008, Table 1, Fig. 2).

The built sector in the northern direction (32@0°) is dominated by university campus buildings and the FimM&teoro-
logical Institute (mean height 20 m) close to the tower. lnrtbad sector (46-180°), one of the main roads leading to Helsinki
city centre passes through with the closest distance batthegoad and the tower being 150 m. The area in-between ésetv
by deciduous forest with mainly birctBétula sp.), Norway maple Acer platanoides), aspen Populus tremula), goat willow
(Salix caprea) and bird cherryRrunus padus) (Vesala et al., 2008, Fig. 2). On the road, a typical workmlaffic rate is around
44 000 vehicles per day (Lilleberg and Hellman, 2011), ardvishicles have been found to be the main sourdé@$ and
aerosol particle emissions in the area (Jarvi et al., 20igrRonti et al., 2013). In the vegetation sector (:&20), most of
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the surface is covered by green areas of the Kumpula Botaaided and the City Allotment Garden. During this study, the
wind blew most often from the vegetation sector and leastftioe built sector.

The site infrastructure, flux measurement conditions ambanding areas are described in detail by Vesala et al.g200
and Jarvi et al. (2009a).

2.1.1 VOC measurements with PTR-MS and volume mixing ratio clgulations

A proton-transfer-reaction quadrupole mass spectronfiéierR-MS, lonicon Analytik GmbH, Innsbruck, Austria; Limdjer et al.,
1998) was measuring 12 different mass-to-charge ratitis §ee Table 2) every second hour using a 0.5 s sampling time be-
tween 1 January 2013 and 27 June 2014 (Fig. 1). Rest of thehigeTR-MS sampled a wider range of mass-to-charge ratios
from one level but those measurements are not considerddsirstudy. In addition, we had a short campaign between 27
June and 30 September 2014 when 14 mass-to-charge ratiesneasured using the same 0.5 s sampling time. During the
campaign, those two additional mass-to-charge ratios wé&zr&9 andm/z 103. In that period, the measurement cycle took
always two hours so that/z 31-69 were measured during the first anld 79-137 during the second hour. In summer 2014,
there were some gaps due to software problems (Table 2).

The PTR-MS was located inside a measurement cabin and samplas drawn to the instrument using a PTFE tubing
with 8 mm inner diameter (i.d.). The sample line was 40-ngland it was heated (10 W) to avoid condensation of water
vapour. A continuous air-flow was maintained in the tube \gitme variations in the flow rate: first 20 | mih (whole year
2013), then 40 | min! (until 30 May 2014) and then 20 | mirt (until the end of the measurements) again. From the main
inlet, a side flow of 50100 ml min' was drawn to PTR-MS via a 0.5-m-long PTFE tube with 1.6 mm i.d.

The PTR-MS was maintained at a drift tube pressure of 2.0mB& and primary ioni{30") count rate of about 10-3m°
cps (measured aw/'z 21). E/N-ratio whereF is the electric field andVv the number density of the gas in the drift tube, was
typically around 135 Td (Te= 10~2! V m2). The oxygen level @ was mostly below 2% of the $D* signal.

The instrument was calibrated every second or third weelgusidiluted VOC standard (Apel-Riemer, Table 2). The volume
mixing ratios were calculated using the procedure desdribealetail by Taipale et al. (2008). Before a calibratiore 8EM
voltage (MasCom MC-217) of the PTR-MS was always optimizeddt a correct primary ion signal level (e.g. Kajos et al.,
2015). The instrumental background was determined evegnsehour by measuring VOC free air, produced with a zero air
generator (Parker Balzon HPZA-3500-220). The intake feiziéro air generator was outside of the measurement calsientclo
the ground. During the measurement period, the zero airgewaevas working sometimes improperly leading to contatad
m/z93 signal. These periods were removed from the zero air memsmts and replaced by nearest reliable values. In additio
due to software problems, the zero air measurements wenecatded between 7 July and 30 September 2014. These gaps
were replaced by a median diurnal cycle values of the zermeasured during 27 June — 7 July 2014. One should note that
the mentioned problems with the zero air measurements hatfet on flux calculations. However, they did, of coursejssa

some uncertainties for the measured concentration levels.
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2.1.2 Ancillary measurements and data processing

An ultrasonic anemometer (Metek USA-1, Metek GmbH, Germavas installed at 31 m, 0.13 m above the VOC sampling
inlet. The ambient temperature was also measured at the d@Plsg level with a Pt-100 sensor. The photosynthetic @hot
flux density was measured at 31 m in the measurement toweg agpmotodiode sensor (Kipp&Zonen, Delft, Netherlands).
Pressure was measured with Vaisala HMP243 barometer ondhefrthe University building near the site.

Hourly traffic rates were measured online 4 km from the meament site by the City of Helsinki Planning Department.
These rates were converted to correspond to traffic ratelseoroad next to the measurement site following the procellyre
Jarvi et al. (2012).

CO, and CO concentrations (10 Hz) were measured with a Li-Cor 7000G0OR, Lincoln, Nebraska, USA) and the
CO/IN,0 analyser (Los Gatos Research, model N20/CO-23d, Mountain, \CA, USA, later referred as LGR), respectively.
CO- concentration was measured continuously between Jan04&B/ghd September 2014. TG® concentration was mea-
sured between 3 April and 27 May 2014 (Fig. 1) and the LGR wasected to the same main inlet line with the PTR-MS.
During theCO measurements, the main inlet flow was 40 | minAfter the LGR was removed from the setup, the main inlet
flow was decreased to 20 | mih to increase the pressure in the sampling tube and to get arrsige flow to the PTR-MS
(from 50 to 100 ml mirr!).

Thirty minute averag€0O andCO- fluxes were calculated using the eddy covariance techniquethe raw data according
to commonly accepted procedures (Aubinet et al., 2012).&dimnensional (2D) coordinate rotation was applied to thedw
data and all data were linearly de-trended. 2D rotation wsesl unstead of the planar fitting as the 2D rotation is likely
to be less prone to systematic errors above a complex urba@intéNordbo et al., 2012b). Spike removal was made based
on the difference limit (Mammarella et al., 2015). Time ldgstween wind and scalar data were obtained by maximizing
the cross-covariance function. FOIO and CO5, mean time lags of 5.8 s and 7.0 s, respectively, were olutairi@ally,
spectral corrections were applied. The low frequency é$seboth fluxes were corrected based on theoretical caoresct
(Rannik and Vesala, 1999), whereas the high-frequencye$ossere experimentally determined. Finally, the 30-mindhix
were quality checked for stationarity with a limit of 0.3 @m and Wichura, 1996), and periods with < 0.2 m s were
removed from further analysis. More details of the datajpostessing can be found in Nordbo et al. (2012b). Data enex
for CO andCOs, fluxes were 54.0% and 61.9%, respectively.

2.2 VOC flux calculations
2.2.1 Disjunct eddy covariance method

In the disjunct eddy covariance method (hereafter DEC)flthxas calculated using a discretized covariance:

W~ %Zw(z _A/ADE (), 1)
i=1

wheren is the number of measurements during the flux averaging tnés the sampling interval and is a lag time caused
by sampling tubes (e.g. Rinne et al., 2001; Karl et al., 2RiAne and Amman, 2012). The fluxes measured by the DEC
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method suffer from same sources of systematic underestimas the fluxes measured by the EC method, including high and
low frequency losses (e.g. Moore, 1986; Horst, 1997). Adicgr to Horst (1997), the high frequency lossegers; can be
estimated using an equation

1

= T ®

(ahorst) -1

wherer is the response time of the systefy), = n,,u/(2,, —d) and@ = 7/8 and = 1 in unstable and stable stratification,
respectively. In here; is the mean horizontal wind,,, the measurement height ada zero displacement height. The param-
etern,, has been observed to be constant in unstable stratificatitme aite ¢, = 0.1), and in stable stratificatior{ > 0)
having the following experimental, stability and wind diten dependent values (Jarvi et al., 2009b):

0.1(1+2.54¢°28), d=13m, (built)
nm =9 0.1(140.96¢°9%), d=8m, (road) 3
0.1(1+2.00¢°27), d=6m, (vegetation)

where( is the stability parameter.

VOC fluxes were calculated for each 45-min-period accorthrieg. (1). Before the calculations, a linear trend was resdov
from the concentration and wind measurements. In addi#iDrrotation was applied to the wind vectors.

The PTR-MS and the wind data were recorded to separate cemsptitus, lag times were shifting artificially as the coneput
clocks performed unequally. Therefore, we first determiagdimes ofr/z 37 (first water clustedI; O H,O) for each data
set between two calibrations. Then, a linear trend was rechénom the lag times to cancel the artificial shift. Aftertiithe
shifted cross covariance functions were summed (as in Ralk €013), and an average lag-time was determined for each
mass-to-charge ratio from the summed cross covariancéidasc Finally, a lag-time for each 45-min-period was deleed
by using a+2.5 s lag time window around the previously determined meartifag; and a smoothed maximum covariance
method described by Taipale et al. (2010). However, if thamrag-time value was not found, the previous reliable magn |
time value was used instead. We defined that a mean lag-timeapeesentative if a peak value of a summed cross covariance
function was higher thaBo,) Whereoy, is the mean standard deviation of the summed cross covarfanction tails. The
standard deviations were calculated using lag-time wirsdbyi 80 —200) s. If a mass-to-charge ratio showed no representative
peak values at all, its flux values were defined to be insigmfic

The lag times were allowed to vary slightly2.5 s) around the mean lag-times because removing the lineal patentially
caused uncertainties. Moreover, changes in relative htymdght have led to changes in the lag times at least in tise o&
methanol which is a water-soluble compound, even with lteatiet line. However, the lag time window we used was quite
narrow,£2.5 s, to limit uncertainties ("mirroring effect”) caused byetmaximum covariance method connected to the fluxes
near the detection limit (Langford et al., 2015). Also, ohewdd note that in our case the maximum was determined frem th
smoothed cross covariance function which already limisgibssible overestimation of the measured DEC fluxes, arsdiieu
mirroring effect (Taipale et al., 2010).
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Constant response time of 1.0 s and Eq. (2) were used for gieflféquency flux corrections. The constant value was
estimated based on previous studies with PTR-MS (Ammanh, &006; Rantala et al., 2014; Schallhart et al., 2015) wher
the response time of the measurement setup was estimatethgfdround 1 s. However, the response time is probably com-
pound dependent as e.g. methanol might have a dependerive @tative humidity (RH) because it is a polar molecule. The
response time of water vapour has been observed to increastiaction of RH (e.g. Ibrom et al., 2007; Mammarella et al.,
2009; Nordbo et al., 2012b) and this is likely for methanolegl. In addition, the length of the sampling tube affects th
response time as well but the effect is difficult to quantifyheut experimental data (Nordbo et al., 2013).

The correction factotv,orst Was on average 1.16. Even though the use of constant value-df.0 s may lead to random
uncertainties if the true response time varies temporily,is likely to have only a small effect on the calculatecéls. Also
a systematic error of a few percentages is possible if theabaverage response time was smaller or higher. We canaiso n
that the change of the flow rate from 20 to 40 | minhad only a negligible effect on the attenuation as long adltiveis
turbulent (see Nordbo et al., 2014).

In addition to the high frequency losses, the calculated Vixes may also be biased by some other factors. For short-
lived isoprene and monoterpenes (minimum lifetimes ca. &@$)csee Hellén et al., 2012), the flux losses due to chemical
degradation were estimated to be few percentages (see &ahe2012). However, these losses are difficult to comgeres
they do depend on oxidant concentrations (mainly OH apdadd the surface layer mixing. Thus, no corrections duedo th
chemical degradation were applied. All flux values are digihtly underestimated as low frequency corrections wefedut
due to noisy VOC spectra. Larger errors might be producedalippration uncertainties that affect directly on the meadu
fluxes. All mass-to-charge ratios excludimgz 47 (ethanol+formic acid) were directly calibrated in thisdy, but according
to Kajos et al. (2015), concentrations of calibrated conmoisumay also be biased due to unknown reasons. Flux values of
ethanol+formic acid should especially be considered watition as the concentrationsrmofz 47 signal were determined from
transmission curves (see Taipale et al., 2008).

Periods when the anemometer or the PTR-MS were working ipgshp were removed from the time series (Fig. 1). For
example, fluxes were not measured during summer 2013 dubtmddrstorm that broke the anemometer, and in the beginning
of 2014, the PTR-MS was serviced in a laboratory. During spewods, signal levels did not behave normally but had for
example a lot of spikes. Thus those periods were disregaadeuell. To limit the underestimation of absolute flux values
caused by a weak mixing, the fluxes during which< 0.2m s~! were also rejected from further analysis. Other quality
controlling, such as filtering flux data with flux detectiomits or with the stationarity criteria (Foken and Wichur96),
was not performed because applying these methods for teg B&C data would potentially bring other uncertainty sestc
However, before calculating correlation coefficients wa VOC and another compound (Q), or a VOC), a percentage
(1%) of the lowest and highest values were removed to avéédsdf possible outliers. Data coverages for VOCs aredigte
Table 2.
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2.2.2 ldentification of measured mass-to-charge ratios

Identifications of the measured mass-to-charge ratiosigtegllin Table 2. Most of the identifications are clear butehare
some exceptions. First of all, p-cymene fragments to theesa@m93 with toluene (Tani et al., 2003). Therefore, p-cymene may
potentially have had an influence on the observed concenisaatnvz 93 as the used/N-ratio, 135 Td, caused probably
fragmentation of p-cymene (Tani et al., 2003). However,léteét al. (2012) observed that p-cymene concentrationseat t
SMEAR Il site are low compared with the toluene concentrati around 9% during July. Therefore, the major compound at
m/z 93 was likely toluene, although p-cymene might have in@ddkix atm/z 93 during warm days.

Anthropogenic furan (de Gouw and Warneke, 2007) had prgbabhajor contribution on the measuredz 69 concentra-
tions between October and May when isoprene concentragiothge site have been reported to be small (ardunrd0 ppt;
Hellén et al., 2006, 2012). In our study, meafz 69 concentrations between June and August were only ca. &@frithan
during other seasons (Table 3), indicating consideralfiieence of furan. Another important compound influencing soee-
ments atm/z 69 is methylbutenol (MBO) fragment (e.g. Karl et al., 201pwever, MBO is mostly emitted from conifers
(e.g. Guenther et al., 2012) that are rare near the SMEARAilon. Therefore, MBO should have had only a negligible@ff
on the concentration and fluxes measureavat69.

Monoterpenes fragment to the’z 81. The parental mass-to-charge ratio of monoterpemé&s]137, had low sensitivity
during the study, and therefore, monoterpene concentsati@re calculated using/z 81. For some reason, the monoterpene
concentrations were only slightly higher during June—Agstghan during September—May (Table 3), thus, a contribubio
other compounds than monoterpenesvat81 might have been possible. On the other hand, Hellén é2Gl2) observed also
considerable monoterpene concentrations at the site ieryspring and fall, possibly due to anthropogenic sources

Acetone and propanal are both measuredvat59 with the PTR-MS but Hellén et al. (2006) showed that theaye
propanal concentrations are only around 5% compared wihatlerage acetone concentrations in Helsinki during winter
Thus, most of then/z 59 signal consisted probably of acetone. However, as pedgluxes at the site are unknowm/z 59
will still be referred as acetone+propanal.

Measurements a/'z 107 consisted of 5-benzenes including, for example, o- and p+m-xylene anglethzene. According
to Hellén et al. (2012), major compounds measured at thesgitem-xylene. Other important compounds reported arelerey
and ethylbenzene. Hellén et al. (2012) observed annualti@rifor those compounds with a minima in March. In our study
no considerable differences between June—August andrSeeteMay were observed. However, the measured concemisati
in this study were quite close to the corresponding values fHellén et al. (2012). For example, summed concentration o
0-, p+rm-xylene and ethylbenzene was ca. 0.16 ppb in Julyl¢riet al., 2012) whereas in this study, a mean value from
June—August was 0.23 ppb (Table 3).

Mass-to-charge ratio 42 is connected with acetonitrileDutne et al. (2012) observed the signal might be partly conta
inated by product ions formed in reactions with N@nd Of that exist as trace amounts inside the PTR-MS. However, that
effect was impossible to quantify in this study, tho$z 42 was assumed to consist of acetonitrile.
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2.3 Estimating biogenic contribution of isoprene

The well-known algorithm for isoprene emissiorgg() is written as
Liso= EO,synthCTCb (4)

whereE synn, Cr andC', are the same as in the traditional isoprene algorithm (Geert al., 1991, 1993; Guenther, 1997).
The shape of this algorithm is based on the light responsesaifrthe electron transport activity’() and the temperature
dependence of the protein activity't). The emission potentiali syntn, describes the emission rate of isoprené’at 30°C
whereT is the leaf temperature (the ambient temperature in thib/stu

For other compounds, such as methanol or monoterpenes,pideahalgorithms were applied.

3 Results and discussion
3.1 Observed VOC fluxes and their general behaviour

Significant fluxes were observed for methanola33), acetaldehyder{z 45), ethanol+formic acichyz47), acetone+propanal
(m/z59), isoprene+furamt/z 69), benzeneni/z 79), toluene1fyz 93), C,-benzenesniyz 107) and sum of monoterpenas/g
81). The fluxes of these compounds had also a diurnal cyckaat in one of the wind sectors (Fig. 3, Table 1). Correlation
coefficients between VOC, C@Q;0, fluxes and traffic rates are shown in Table Al.

Methyl tert-butyl ether (MTBE) andert-Amyl methyl ether (TAME) are commonly connected to the eéhexhaust emis-
sions as the compounds were used to increase the octanemafrghsoline (e.g. Hellén et al., 2006). MTBE and TAME were
measured at their parental ionsalz 89 andnvz 103, respectively. However, both mass-to-charge ratiog/etl no significant
fluxes, and therefore, those measurements were excludedirther analysis. As the identification of these massharge
ratios was uncertain, botih/z 89 andm/z 103 are marked asmknown in Table 2. Formaldehyde, which was measurenivat
31 showed no fluxes either, therefon@z 31 was excluded from further analysis as well.

Fluxes of aromatic compounds (benzene, toluéhehenzenes) did not show any seasonal variation during tlasunement
period (Table 3). This was expected because biogenic emissif these compounds should be either small or negligitide a
anthropogenic emissions from traffic are unlikely to havesiderable seasonal variation. On the other hand, thectraftints
are lower during June—August (Fig. 1) but the average aiorflakes had no statistically significant differences betwe
September—May and June—August (Table 3). Neverthelesgzehe and toluene concentrations had a clear annual tréhd wi
a minimum during June—August. This is a well understoodgpatand is partly caused by the different atmospheric tifes
between seasons (e.g. Hellén et al., 2012). The ratio ofatiofffuxes to total measured VOC fluxes had also variationkeas
terpenoid fluxes had a clear seasonal cycle (Fig. 4).

Methanol, acetone+propanal and acetaldehyde had higleeages fluxes during June—August compared with the other

months (Table 3). However, the differences were ratherlsindicating only minor biogenic emissions compared wiik t
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other sources. The ratio of measured OVOC fluxes to the taabnred VOC fluxes stayed stable, being 55-62% in all sectors
(Fig. 4).

A clear biogenic signal was observed only for isoprene+fuvhich had a large difference in both fluxes and concentiatio
between June—August and September—May (Table 3). Therafar fraction of terpenoid fluxes of with all measured VOC
fluxes was also higher in June—August than in September—Mgyj. The isoprene+furan flux followed also well the ambien
temperature (Fig. 5).

3.2 COfluxes

The CO flux was observed to have a clear diurnal cycle, and as exghetie highest emissions were detected from the road
sector (Fig. 6) where the traffic emissions are at their rsghEhe measure@O fluxes from the road sector also correlated
very well with both correspondinGO- fluxes ¢ = 0.69, p < 0.001) and traffic ratesi(= 0.56, p < 0.001, Fig. 7). The average
and mediarCO andCO-, fluxes andCO concentrations from April 3 — May 27 2014 are presented irlerdb

During the measurement period, the aver@geflux from the traffic sector was ca. 0.46% compared with thessponding
CO- flux. On the other hand; O, had probably already biogenic uptake between April and Mai42(Jarvi et al., 2012;
Fig. 6; Table 4). Therefore, a better estimate for the fluloras taken from Jarvi et al. (2012) who estimated thatte
emission rate from the road sector is 26m—2s~1 (1000 veh h™!)~! (based on wintertime data from 5 years). In our study,
the corresponding’O emission rate from traffic was 0,8 m~2s~*(1000 veh h~')~! which is ca. 0.34% compared with the
corresponding emission rate 60, in mass basis. Jarvi et al. (2012) used data from a more naviod sector, 40—-120
However, averag€O fluxes had no considerable differences between more namdvihe whole road sector, thus, this had
probably only a minor effect on the results. The COJ fraction is smaller than in previous study conducted in Bdigh by
Famulari et al. (2010) who estimated that the traffic rel@i€demissions are 0.60% compared with the corresponding
emissions in Edinburgh (in mass basis). In that study, th&XCQ flux ratio was also otherwise quite large, 1.36%. Conversely
Popa et al. (2014) observed a ratio of 0.26% for CO4 concentrations (in mass basis) in a tunnel study which ieqlbse
to the flux ratio of our study.

Considerabl€ O fluxes were also observed from the built sector during afitens (Fig. 6). Such behaviour was not observed
for CO5 during the same period (Fig. 7). This may be due to many caneaghat are started always in the afternoon (between
Monday-Friday) when people are leaving the university casnCatalytic converters that oxidiz&) to CO, may not work
properly right after starting the engine (e.g. Farrautoldedk, 1999), leading to the high obsen@t emissions. Unfortu-
nately, theCO data set from the built sector was very limited from weeketti=reforeCO fluxes from working days could not
be compared witlCO fluxes from Saturday and Sunday. However, aromatic VOCs se@tso have a similar behaviour with
increasing values during afternoon from the built sectagy.(8) which is somewhat expected as Reimann and Lewis (3007,

33) mentions that VOC related "cold start emissions” areobh@ng more and more important.
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3.3 VOC emissions from different sources

Measured VOC fluxes were studied from all three sectors tmat# sources for VOCs. Based on an older study at the site by
Hellén et al. (2006), traffic should be the most importantrsedor aromatic compounds with for example wood combusting
explaining less than 1% of the detected benzene concamtsatiowever, the study by Hellén et al. (2006) was based®n th
chemical mass balance receptor model with VOC concentistibhus the footprint of their study is larger than in our flux
measurement based study.

Major emissions could originate also from biogenic souraekeast in the case of isoprene and monoterpenes (Hel#n et
2012). Thus, isoprene+furan, monoterpenes, methandipraeepropanal and acetaldehyde were analysed from twe peri
ods: June—August (assumed growing season) and SeptenmderFhe division is somewhat rough as many VOCs are also
emitted from biogenic sources between September and Mayet#w, these emissions are smaller than during June—August
(Rantala et al., 2015).

Other VOC sources could potentially include wood combgséind solvent use. Industry is also a source for VOCs but no
industrial activities were located inside flux footprineas.

3.3.1 Traffic related emissions

Out of the measured compounds, methanol, acetaldehy@deatlacetone, toluene, benzene, @Ghebenzenes are ingredients
of gasoline (Watson et al., 2001; Niven, 2005; Langford gt2009). Therefore, traffic is potentially an importanttant
pogenic source for these compounds. In addition, manyesudive shown traffic related isoprene emissions (Reimaailn et
2000; Borbon et al., 2001; Durana et al., 2006; Hellén eRaD6, 2012). Hellén et al. (2012) also speculated that soometar-
pene emissions could originate from traffic.

In recent VOC flux studies at urban sites, fluxes of some VO@s barrelated with traffic rates but this does not necessaril
imply causality (Langford et al., 2009, 2010; Park et al.1@0Valach et al., 2015). At SMEAR I, traffic has been shown
to be the most important source f6O- at the road sector (Jarvi et al., 2012) and same seems to Isoldos CO (Table
4). Therefore, the influence of traffic on the VOC emissions waantified by studying the measured VOC fluxes from this
direction.

The difference between average fluxes from road sector dmefr sectors was statistically significant (95% confidence
intervals) for methanol, isoprene+furan, toluene @aebenzenes. However, benzene fluxes were so close to theidetauit
that the differences between the sectors were insignifidgdhthree studied aromatics (benzene, toluene @aebenzenes)
were assumed to have same sources, thus, from now on thepewads are analysed together as an "aromatic flux”.

The traffic rates and the aromatic fluxes had a significanetaiion ¢ = 0.39, p < 0.001, measurements between January
2013 and September 2014) from the road sector. The aromaxiesflcorrelated even better with the measut€d fluxes
(r =0.54, p < 0.001, measurements between April and May 2014). The significamétation of aromatic VOC flux witlcO
flux indicates a common source in incomplete combustionhAse both correlated in also with traffic rates, the traffiikedy

to be a major source for aromatics.
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To estimate the total emission of the aromatic compounds fraffic, the aromatic fluxes were fitted against the traffiesa
A linear model between traffic rates afith, emissions has been suggested, for example, by Jarvi eDaR)20n the other
hand, Langford et al. (2010) and Helfter et al. (2011) preposn exponential fit for VOC andO, emissions. Helfter et al.
(2011) mention many reasons for the exponential relatipnsiich as an increased fuel consumption at higher traffgsra
However, Jarvi et al. (2012) did not observe exponentiabbrlur betweerCO, fluxes and traffic rates at the site, therefore,
a linear model was also used in this study. Additionally, gpo@ential relationship was tested but it brought no clesnetit
compared with the linear model. The linear fit galigo = (29+5)-1073Tr+ 749 ng m 2s~!, where Fy, is the flux of
the aromatics (unit ng m¥s—') and Tr is the traffic rate (vehH). Based on this model and the traffic rates measured in
2013, the aromatic emission from traffic was estimated tosbel @+-0.2 g nT2yr—!. This is around 0.01% compared with
the corresponding’O, emission from the road sector (in mass basis) that was dstimeing a linear model provided by
Jarvi et al. (2012).

Methanol fluxes were also observed to correlate with théidredtes ¢ = 0.34, p < 0.001, Sep—May) andCO fluxes ¢ =
0.34, p=0.001, Apr—May 2014). On the other hand, according to a linear féthranol flux values were still around 20 ng
m~—2s~! or higher when the traffic rate was close to zero (Fig. 8) witiclicates that methanol had probably also other major
sources in the road sector. This is also supported by thalfataverage methanol fluxes from weekend and weekdays were
almost equal (Fig. 9), although traffic rates are clearlgdaduring weekdays (Fig. 6). However, we were not able totitle
any clear sources except possible biogenic emissionsgisummer. Langford et al. (2010) found also that the traffients
were able to explain only a part of the observed methanol $lixe other methanol sources remained unknown in that study
as well.

Other oxygenated hydrocarbon fluxes correlated also withrdffic rates. Ethanol+formic acid fluxes were somewhatynoi
and mostly close to the detection limit but the correlatietween the measured fluxes and the traffic rates was stilfisynt
(r =0.20, p < 0.001, Jan 2013 — Sep 2014). However, no correlation between @tifanmic acid andCO fluxes was found.
Corresponding correlation coefficients for acetone+pnapavere 0.24 f < 0.001, traffic) and 0.42 = 0.005, CO). The
correlation between acetaldehyde and flux was 0.30 = 0.004) and between acetaldehyde flux and the traffic rates 0.31
(p < 0.001). Methanol, acetaldehyde and acetone+propanal fluxed$mdansiderable correlations with each other, indicating
that these compounds had probably similar non-trafficeelaburces at the road sector. The correlation coefficierttgden
methanol and acetaldehyde fluxes and methanol and acetopafal fluxes were 0.44 and 0.37, respectively (0.001,
measurements from Sep—May).

Isoprene+furan fluxes that were measured during SepteMigrhad a weak but significant correlation= 0.24, p <
0.001) with the traffic rates (Fig. 8). Moreover, the average isor+furan fluxes were also positive during September—May
(Table 3) indicating that some isoprene+furan fluxes shawiginate from anthropogenic sources. A correlation betwe
isoprene+furan fluxes and the traffic rates has been eabl®#reed by Valach et al. (2015). Thus, the correlation found
this study seems reasonable. A correlation between isepferan andCO fluxes was significantr(= 0.37, p < 0.001) also
indicating a traffic related source.
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Monoterpene fluxes had no correlation with the traffic ratasndy September—May. In summer (Jun—Aug), the correlation
coefficient between the monoterpene fluxes and the traffes natas significanty = 0.26 (p < 0.001), but this might also
have been a result of increased biogenic emissions as tleyskrailar kind of diurnal cycle compared with the trafficast
The biogenic influence would be possible to eliminate bydiihg the monoterpene fluxes into different temperatureselsis
however, the amount of data was too small for that kind ofysisl Thus, possible monoterpene emissions from the traffic
remained unknown.

Acetonitrile fluxes had no correlation with the traffic ratéhis was expected as the only considerable acetonitrikedlu
were observed from the built sector (Fig. 3).

3.3.2 Biogenic emissions

Nordbo et al. (2012a) observed that urbd@d- fluxes are clearly dependent on the fraction of vegetated &ama in flux
footprint. Moreover, Jarvi et al. (2012) observed that at measurement site the vegetation sector is a sinkCfog during
summer (see also Fig. 6). Thus, biogenic VOC emissions cbeléxpected at the site. For isoprene+furan, the biogenic
contribution was clear, and an anticorrelation{ —0.54,p < 0.001) betweenCO, and isoprene+furan fluxes were observed
from the vegetation sector during June—August. Isopramesffluxes were also affected by the ambient temperatute wit
small fluxes at low temperatures (roughily< 10°C, Fig. 5). Also methanol fluxes had a high anticorrelatiothvziarbon
dioxide fluxes at vegetation sector between June and August{0.61, p < 0.001) indicating a biogenic source.

Isoprene+furan fluxes were fitted against the empiricalressop algorithm (Eq. 4) for each wind direction. It has beeawsh
before that the emission potential of isoprene might hassa@®al cycle with maximum during midsummer (e.g.in the cdise
aspen: Fuentes et al., 1999; see also Rantala et al., 20&%gvdr, due to a lack of data points, the fitting was done fer th
whole summer period (Jun—Aug) only.

The emission potentialgjy synin from each wind sector (Jun—Aug) for isoprene+furan aregareed in Fig. 10 and Table 5.
The potentials are roughly twice as high that has been medglove a pine dominated boreal forest in Hyytiala, Soather
Finland (Rantala et al., 2015), although the fraction ofetaion cover at SMEAR III is only 38-59%. However, this was
expected as the urban vegetation consists of mostly braeastlietrees that are major isoprene emitters (e.g. Guertther e
2006). The emission potentials from each wind sector wearsecto each other, especially when considering differeirces
land use (Tables 1 and 5). In that sense, SMEAR llI can be dereil as a horizontally homogeneous location from a point of
isoprene flux measurements. On the other hand, the algowt#srunable to explain some higher isoprene+furan flux values
from the road sector (Fig. 10). These values might be refmtedndom uncertainties but they might also be, for exanele,
result of traffic related emissions.

Methanol, acetaldehyde and acetone are also emitted frogeiic sources (e.g. Guenther et al., 2012), and the mdthano
fluxes from the vegetation sector were dependent on the airtieimperature. However, the average methanol flux from the
vegetation sector was still around 30 ng#s~—! when temperatur@ < 10°C which indicates that the biogenic emissions can
explain only a minor part of the measured methanol fluxes.a€etaldehyde and acetone+propanal the effect of the ambien

temperature was even weaker.
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As the biogenic OVOC emissions were difficult to distinguisbm other exchange processes, such as traffic related emis-
sions, the biogenic contribution for these compounds wamsated from the average flux values (Table 3). Methanol 8uxe
were significantly larger during June—August than duringtS&mber—May, indicating that biogenic sources could éwpla
around 25% of the measured methanol fluxes during June—A(@aisle 3). This is, of course, only a rough estimate but
still reasonable when comparing with, for example, meastiegenic methanol emissions in Hyytiald, Southern Fidlan
(Rantala et al., 2015). Acetaldehyde and acetone-+propeathhlso significant differences between the average flwesal
from June—August and September—May. Those differences areund 20-30% indicating that the possible biogenic ¢ontr
bution for these compounds is quite small even during Jungust.

Monoterpene fluxes were highly scattered (Fig. 3) and thefluxere also clearly above zero when temperdture10°C
(Fig. 5) indicating significant monoterpene emissions father sources than biogenic ones. Therefore, no empinicisiston
algorithms were fitted against monoterpene fluxes. Nevedhein June—August the average monoterpene flux was almost
twice as high compared with the average flux from Septembay-Nlhe monoterpene fluxes were also dependent on the
ambient temperature (Fig. 5). Therefore, biogenic coutidim during June—August was assumed to be around 40% cedhpar

with the total monoterpene emissions.
3.3.3 Other VOC sources or sinks

Other potential sources of VOCs, mainly wood combustionsaigent use, were found to be difficult to identify. For exdep
quite large acetone+propanal emissions were observediduilirsector in the afternoon (Fig. 3), and the differencevaen
the weekdays and weekend values was also statisticallyfisagt (95% confidence intervals, see Fig. 9). These enrissio
might have been originating from the chemistry departmeat the site that uses acetone as a solvent.

Nevertheless, methanol, acetaldehyde and acetone+alopare observed to have emissions that were independeattof b
ambient temperature and traffic rates. For methanol, thesssins were around 20-45 ng#s~! from the road sector
(Fig. 8) which is correspondingly around 30—70 % compareti e average methanol flux (Table 3, Fig. 9). The offset was
larger during June—August than during September—May leutlifierence was statistically insignificant. Recent stade.qg.
Wohlfahrt et al., 2015 and references therein, Rantala,e2@l5; Schallhart et al., 2015) have shown that depositight
have also a significant role in OVOC exchange in some ecasgstdowever, no clear signals of net deposition was observed
for any of the studied OVOCs. Overall, non-traffic sourcesenestimated to explain around 50% of the anthropogenic OVOC
emissions between September and May.

Globally, aromatic compounds have also other sources tfadiict such as solvent and petroleum use (Na et al., 2005;
Srivastava et al., 2005; Langford et al., 2009). When conisigen offset of around 7 ng m¥s~! of the linear fit between the
aromatic fluxes and the traffic rates (Fig. 8), emissions @fatic compounds from non-traffic sources might have alsm be
possible at the SMEAR llII. Nevertheless, an influence of traffic sources was rather small.

Isoprene+furan had small emissions aro@nd5 ng m~2s~! (Fig. 5 and Table 3) from other sources than biogenic ones.
They might be traffic-related as discussed above but theyaisayoriginate from petroleum products (Langford et alQ90
Nevertheless, the contribution of other than biogenicrienp+furan emissions was small during June—August.
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Acetonitrile had significant emissions only from the budt#r. This indicates that the major sources of acetomidnié not
traffic related, although Holzinger et al. (2001) found wésfic related acetonitrile emissions, and Langford e{20.10)
measured acetonitrile fluxes that correlated with the traffies. On the other hand, Langford et al. (2010) also mesdithat
despite of the correlation, the acetonitrile sources weftaihknown. In this study, a possible source for the acgitacould
have been wood combusting in the residential building aréch is located around 200—400 m from the site, and thus at
the edge of the typical flux footprint area (see Ripamonti.e2813). However, the acetonitrile fluxes were mostly paiad
below the detection limit, making any final conclusions taging.

3.4 Comparing results to previous VOC studies

Generally, the measured VOC fluxes were much lower than tregs@rted previous urban VOC flux studies (Fig. 11). For
example, Velasco et al. (2005) measured an order of magnitigher methanol, acetone+propanal, toluene@thenzene
fluxes in Mexico City compared with this study. Most of the \poeis measurements were done in the city centres while
this study was done at the urban background site, whichylikek a considerable effect on the magnitude of VOC fluxes.
For example, Reimann and Lewis (2007, p. 53) mentions tlwmhatic concentrations were lower in suburban area of Zirich
compared with the city centre.

For measuredCO, fluxes, intercity variations are also found to be considergblordbo et al., 2012a). For example,
Helfter et al. (2011) measured ca. five times higbé€), fluxes in London than Jarvi et al. (2012) at SMEAR Il (Fig. 11)
The variations in carbon dioxide fluxes can be due to the sitef the anthropogenic activity, the differences in et
systems (central, electrical, domestic gas, coal, oil ardvfired heating systems), the means of public transpoudtfaduses
and trams or diesel buses) etc. The relatively low VOC fluxeseoved in this study are in line with low carbon dioxide flux,
both of which indicate relatively low anthropogenic intigpgor an urban area. In this study, for example, traffic tredbaro-
matic emissions were around 0.01% compared with the canelipg CO- emissions, and according to Valach et al. (2015),
aromatic VOC fluxes measured in London were around 0.025%vaced with the corresponding averag®. fluxes (scaled
from yearlyCO4 budget, see Helfter et al., 2011). Hence, the VOC flug @, flux ratio is in the same order of magnitude,
although there is almost one order of magnitude differemt@déen the absolute aromatic flux values.

Fraction of urban vegetation has a strong influence €f0a exchange (Nordbo et al., 2012a), thus a perfect correlation
between VOC andCO, fluxes cannot be expected. However, larg&d, fluxes could indicate also larger VOC fluxes as
both have common sources, such as traffic. In Figure 11 awendzan VOC fluxes reported in literature are plotted against
corresponding averadgeO- fluxes. Lowest average VOC atD-, fluxes were found in Helsinki (Fig. 11). On the other hand,
the largestCO, fluxes were measured in London, although the largest VOCdlweare measured in Mexico City. The large
VOC fluxes in Mexico City can be due to much older vehicle fléstier catalytic converters and poorer fuel quality in Mexic
City than in UK (Langford et al., 2009).

VOC flux spectrum also differed between the cities (Fig. BEnzene was the least emitted compound in all three studies
which is an expected result of a development of catalytizeders and changes in fuel composition, traffic relatedzere
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emission have generally decreased dramatically (Reimadh.ewis, 2007, p. 33 and references therein). Otherwigey@C
flux spectra seem to be unique for each measurement location.

4 Conclusions

We present results from the first urban VOC flux measuremargsidrthern city with cold winters. Out of 13 measured mass-
to-charge ratios, fluxes were observed for ten. These congjsdhave been observed to be emitted also in previous urb&h VO
flux studies reported in literature. The different land users in different wind directions enabled us to analyse ifferént
sources of various compounds.

Methanol had the highest fluxes both in June—August and Sgete-May. Other OVOCs, toluene afid-benzenes fluxes
were of the same magnitude with each other and had no coabidatifferences between winter and summer. On the other
hand, isoprene+furan fluxes were clearly higher during JAungust than during September—May, indicating the majoitico
bution of biogenic isoprene emissions.

All compounds with detectable fluxes had anthropogeniccemuat the site. Aromatic compounds originated mostly from
traffic whereas for isoprene+furan, the anthropogenic émfte was only minor. However, even those small isoprenamfur
fluxes can have relatively large influence on isoprene+facartentrations during winter when the biogenic emissiamiall.

For monoterpenes, the anthropogenic influence was largiaig lof similar magnitude with the biogenic emissions in swen
Oxygenated VOCs originated from traffic, vegetation andnomkn anthropogenic sources, which probably included solve
use at the University campus. Generally, the magnitudeafidirelated OVOC emissions was estimated to be similartierot
anthropogenic sources. Biogenic activity had only a mirmmtigbution in the total annual OVOC exchange. For methahel
biogenic emissions explained up to 25% of the measured flwesaluring June—August.

Measured VOC fluxes were much lower than has earlier beemazse the urban VOC flux studies. On the other hand,
most of the urban VOC flux studies have been carried out inedeifyscentres, such as in London, whereas this study was done
ca. five kilometres from the Helsinki city centre in a sentbam area. Moreover, also th&), fluxes have been observed to be
relatively low at SMEAR IIl compared with other urban staitso However, the variation @fO, flux does not fully explain the
variation in the VOC fluxes between different urban areas.

The measured urban VOC fluxes have considerable variatetwgeln different locations both in quantity and in quality.
Thus a parameterization for a VOC exchange in urban areadmalyallenging. However, links between VOC emissions and
CO5 andCO emission provide indication of processes which need to berd®d by such parameterizations. For this a larger
body of concomitant measurements of VA®) andCO-, fluxes may be needed.
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Appendix A

Table Al. Correlation coefficients from each wind sector between VOC, CO; fluxes and traffic rates (Tr, only from the road sector)
using all available data. Insignificant £ 0.05) correlation coefficients are not shown in the Table. For the comparikencorrelation

coefficient betwee’O, fluxes and the traffic rates was calculated from the same periodi(itfluxes (Apr—May 2014).

Road sector

mz33 mz42 m'z45 mz47 mz59 m/z69 mz79 mz81 mz93 mz107 CO CO, Tr

mz33 1 - 0.51 0.31 0.36 0.35 0.27 0.21 0.28 0.34 034 032 032
mz42 - 1 - - - 0.12 - - - - - - -
mz45 051 - 1 0.33 0.44 0.45 0.30 0.16 0.34 0.34 030 031 031
mwz47 031 - 0.33 1 0.15 0.10 0.22 0.13 0.22 0.25 - 037 0.20
mz59  0.36 - 0.44 0.15 1 0.32 0.24 0.22 0.18 0.33 042 013 024
mz69 035 0.12 0.45 0.10 0.32 1 0.19 0.21 0.22 0.21 037 - 0.32
mz79  0.27 - 0.30 0.22 0.24 0.19 1 0.08 0.26 0.25 043 022 017
mz8l 021 - 0.16 0.13 0.22 0.21 0.08 1 0.14 0.17 - 011 0.15
mz93  0.28 - 0.34 0.22 0.18 0.22 0.26 0.14 1 0.36 0.38 0.36 0.30
mz107 0.34 - 0.34 0.25 0.33 0.21 0.25 0.17 0.36 1 037 039 034
co 0.34 - 0.30 - 0.42 0.37 0.43 - 0.38 0.37 1 0.69 0.56
COo: 0.32 - 0.31 0.37 0.13 - 0.22 0.11 0.36 0.39 069 1 0.58
tr 0.32 - 0.31 0.20 0.24 0.32 0.17 0.15 0.30 0.34 056 058 1

Vegetation sector

mz33 mz42 m/z45 mz47 m/z59 mz69 m/z79 mz81 m/z93 mz107 CO CO»

m/z33 1 0.12 0.55 0.31 0.43 0.35 0.17 0.21 0.26 0.23 036 -0.29
mz42 0.12 1 0.10 0.07 0.12 - - - 0.12 0.10 - -
mz45 0.55 0.10 1 0.36 0.41 0.35 0.12 0.14 0.20 0.19 033 -0.14
mz4a7 0.31 0.07 0.36 1 0.24 - 0.20 0.10 0.17 0.22 0.18 0.14
mz59 0.43 0.12 0.41 0.24 1 0.25 0.18 0.11 0.25 0.19 038 -0.11
mz69 0.35 - 0.35 - 0.25 1 0.08 0.11 0.11 0.17 - -0.43
mz79 0.17 - 0.12 0.20 0.18 0.08 1 0.07 0.15 0.13 021 -
m/z81 0.21 - 0.14 0.10 0.11 0.11 0.07 1 0.13 - - -0.17
mz93 0.26 0.12 0.20 0.17 0.25 0.11 0.15 0.13 1 0.18 028 -
mz107 0.23 0.10 0.19 0.22 0.19 0.17 0.13 - 0.18 1 0.27 0.08
Cco 0.36 - 0.33 0.18 0.38 - 0.21 - 0.28 0.27 1 0.26
CO2 -0.29 - -0.14 0.14 -0.11 -0.43 - -0.17 - 0.08 026 1
Built sector

mz33 mz42 m/z45 mz47 m/z59 mz69 m/z79 mz81 m/z93 mz107 CO CO»

mz33 1 0.24 0.50 0.42 0.38 0.27 0.27 0.19 0.39 0.14 033 -
mwz42 024 1 0.28 0.16 0.31 - - 0.11 0.20 0.18 030 -
mz45  0.50 0.28 1 0.47 0.27 0.21 0.27 0.15 0.29 0.12 - -
mz47 042 0.16 0.47 1 0.22 0.13 0.35 0.14 0.33 0.27 0.38 0.14
mz59  0.38 0.31 0.27 0.22 1 0.25 0.25 0.12 0.37 0.19 049 -
mz69  0.27 - 0.21 0.13 0.25 1 0.18 - 0.30 0.17 - -0.16
mwz79 027 - 0.27 0.35 0.25 0.18 1 0.10 0.23 0.17 - -
mz81  0.19 0.11 0.15 0.14 0.12 - 0.10 1 0.14 - - -
mz93  0.39 0.20 0.29 0.33 0.37 0.30 0.23 0.14 1 0.29 - 0.14
mz107 0.14 0.18 0.12 0.27 0.19 0.17 0.17 - 0.29 1 - 0.12
Cco 0.33 0.30 - 0.38 0.49 - - - - - 1 0.42
CO2 - - - 0.14 - -0.16 - - 0.14 0.12 042 1
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Table 1.The table presents three sectors around the measurement site aadtiba fsf vegetation of each sectgi( see Jarvi et al., 2014).
The averag€’O- flux values (in carbon basis) were taken from Jarvi et al. (2012).

foaved  fould  fueg AnnualCO» emissions

[gC m~?] (five-year average)

Al 0.36 0.5 0.49 1760
Built (320-40) 042 020 0.38
Road (40-180) 039 015 0.46 3500

Vegetation (180-32) 0.30 0.11 0.59 870
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Table 2. The compound names and the formulas listed below in third and fourth ooh@spectively, are estimates for the measured mass-

to-charge ratios (see e.g. de Gouw and Warneke, 2007). Thedseolhmn shows whether a sensitivity was determined directly from the

calibration or from a transmission curve (i@lculated), and which compounds were used in the calibrationg.89 and m/z 103 were

measured only during 27.6.— 27.8.2014. Due to software probksnse data were lost. Those gaps are marked by superscaptsh that

correspond to the lost periods 27 June—9 July 2014 and 27 Augusepd@niber, respectively. The final column shows data coverages (flu

values) for each compound from the whole period January 2013e18bpr 2014.

[m/Z  Calibration compound  Compound Chemical formula  Data covej#je
312 calculated formaldehyde CH20 -

33 methanol methanol CH40 32.2
42 acetonitrile acetonitrile, alkane productsCoH3s N 32.4
452 acetaldehyde acetaldehyde CoH40O 32.6
47*  calculated ethanol, formic acid CoHgO, CH202 329
59¢ acetone acetone, propanal C3HgO 37.0
69 isoprene isoprene, furan CsHg 32.1
79 benzene benzene CeHg 32.8
81b a—pinene monoterpene fragments 28.5
8%  calculated unknown - -

93  toluene toluene CrHg 31.7
103  calculated unknown - -

107  m-xylene,o-xylene Co—benzenes CgHio 30.9
137 a—pinene monoterpenes Ci0H16 -

25



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015-1047, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 15 February 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Table 3. Average and median fluxes for each measured VOC compound eéxglut 31,/z89 andnvz 103. Error estimates of the average
values were calculated using the equatioht - avoc/ v/ N, Whereoyo is the standard deviation of a VOC time series ahdhe number of
data points. Lower and upper quartiles are given in parenthesis afterettiien values. A percentage of the lowest and highest values were
disregarded from the time series to avoid effect of possible outliers.

m'z33 m'z42 m'z45 m'z47 mz59 mz69 mz79 mz8l mz93 m'z107

VOC flux [ng m~2s™']

Jan 2013-Sep 2014

mean 44.942.5) 0.7 (:0.1) 10.1 ¢-0.6) 22.0 ¢:1.7) 16.6 (-1.1) 8.1 (-0.6) 5.5 (-0.6) 10.9 (:1.2) 14.1 ¢:1.1) 16.4 (-1.4)
median 29.4 (10.4..62.1) 0.7 (-1.2..2.2) 8.3(2.4..16.7) 16.6(-0.8..35.3) 11.088) 55(06..14.1) 4.6(2.2..11.2) 11.0(-5.7..25.6) 11.4(-1.3..26)  1476.83)

N 2023 2036 2052 2068 2313 2020 2092 1822 2031 1985
Jun-Aug

mean 54.244.5) 0.6 (-0.2) 11.8 ¢-1) 14.7 (£2.2) 20.6 (-2.1) 14.3 ¢-1.4) 4.8 (£0.8) 14.1 ¢1.8) 13.2 ¢1.5) 14.0 ¢-1.9)
median 39.1(15.7..76.0) 0.8 (-1.1...2.0) 9.4(3.9..18.1)  14.1(-24..29.3) 15®2.3 9.1(2.1..226)  4.0(-1.1..9.3) 12.8(0.4..26.1)  10.8(26..22.0) 13.1(-2.4..29.4
N 623 623 626 643 710 608 782 689 688 688

Sep-May

mean 40.842.9) 0.7 ¢-0.2) 9.4 ¢-0.7) 25.2 (-2.3) 14.9 ¢£1.3) 5.4 (-0.6) 5.8 (-0.8) 8.9 (-1.5) 14.6 ¢-1.5) 17.6 ¢-1.9)
median 26.4(7.8..55.1) 0.7 (-1.2..2.3) 7.6 (1.4...15.9) 18.1(-0.4...38.9)  10.0 @3)...2 4.1 (-1.8...11) 5.0(3.2.125) 88(-8.8.252) 11.8(-3.3..28.0) 16.2(-8.4).3
N 1400 1413 1426 1425 1603 1412 1310 1133 1343 1297

VOC concentration [ppb]

Jan 2013-Sep 2014

mean 3.2840.09) 0.10 £0.00) 0.59 ¢:0.01) 1.05 £-0.04) 1.45 §-0.03) 0.10 £-0.00) 0.19 £:0.01) 0.14 {0.00) 0.20 £0.01) 0.22 {0.01)
median 2.58 (1.61..4.57) 0.09(0.07..0.13) 0.51(0.36...0.76) 0.71(0.41..1.22) (0BS...1.89) 0.08 (0.05...0.14) 0.13 (0.08...0.25) 0.12(0.08..0.17)  0.14 (0.@j...00218 (0.12...0.29)
N 2415 2431 2451 2477 2779 2412 2462 2139 2383 2319
Jun-Aug

mean 4.2740.17) 0.12 (-0.00) 0.60 {-0.02) 1.15 (-0.07) 1.88 (-0.05) 0.14 -0.01) 0.11 ¢-0.00) 0.15 -0.01) 0.12 ¢-0.01) 0.23 {-0.01)
median 3.88(2.40..5.70) 0.12(0.09..0.15) 0.50(0.35...0.79) 0.79 (0.52...1.400 (124..2.42) 0.12(0.07..0.18) 0.09 (0.06...0.14) 0.13(0.09...0.18) 0.08 (0.@)...00119 (0.13...0.29)
N 748 751 756 778 863 743 938 823 826 823

Sep-May

mean 2.8340.10) 0.09 £:0.00) 0.59 £:0.01) 1.00 £:0.05) 1.25 £0.03) 0.09 £:0.00) 0.23 £0.01) 0.13 £0.00) 0.24 £0.01) 0.22 £0.01)
median 2.14(1.41..3.63) 0.08(0.06..0.12) 0.51(0.36...0.75) 0.67 (0.36...1.119 (0¥B...1.66) 0.07 (0.04..0.11) 0.17 (0.10...0.33) 0.11(0.08..0.16) 0.17 (0.33...00318 (0.12...0.29)
N 1667 1680 1695 1699 1916 1669 1524 1316 1557 1496
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Table 4. Statistics of measure@O andCO-, fluxes andCO concentrations from each surface cover sector (3 Apr — 27 May)2&trbr
estimates of the average values were calculated using the equations/v/N, whereo is the standard deviation of @O or CO- time
series andV the number of data points. Lower and upper quartiles are given inthass after the median values.

All Built Road Vegetation

CO flux [ug m—2s7']

mean 0.69-0.05 0.55:0.07 1.44£0.13 0.34:0.03
median  0.36 (0.11 — 0.86) 0.33 (0.06-0.75) 1.13(0.52 — 2.06) .24 (@.08 — 0.46)
COq flux [ug m—2s7']

mean 13817 146+29 31036 58+20
median 111 (57 — 198) 121 (68-193) 259 (129 — 424) 83 (31-131)
CO concentration [ppb]

mean  146.51.0 149.0:2.8 152.3-2.0 143.3-1.3
median  142.0 (133.8-155.9) 141.2 (133.7-155.4) 148.274381.3) 139.3 (131.9 — 152.5)
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Table 5. Emission potentialsHo,syntn, EQ. 4) of the emission algorithm for isoprene+furan (Jun—-Aug, 96%idence intervals included).
The table shows also correlation coefficients and a ratio F,, /F, whereF, is an average value given by the algorithm d@ndn average

value of the measurements.

FEo.synth [ng m™2s7!] r F,/F
Road 115+10 0.78 @ = 241, p < 0.001) 1.01
Vegetation 14G£15 0.85 (@ =264, p < 0.001) 1.04
Built 125+15 0.74 @ =125, p < 0.001)  1.07

28



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015-1047, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 15 February 2016

) and Physics
(© Author(s) 2016. CC-BY 3.0 License. Discussions
30 ‘ ‘ 2500
® temperature o
20F raffic » f 12000
o {1e% e
2 10 | '/‘ ﬁd | et “.1500§
g )
5 i : - T
g 0 41000 ©
2 » E
° ~
100 % é 1500
. X

-20 1 1 1 1 1
Jan 2013 Apr2013 Jul2013 Oct2013 Jan 2014 Apr2014 Jul 2014

Figure 1. Daily averages of the ambient temperatures and traffic rates. The @laeages of PTR-MS (VOCs), Li-Cor 700C(Q2) and

LGR (CO) measurements are marked by blue, green and black lines, respec@irey shaded areas show periods between June—August.
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Figure 2. Aerial photograph of the SMEAR Il station (©Kaupunkimittausosastdstdki, 2011). The measurement tower is marked with
a black cross. White dashed lines represent different sectors (lmgktation, road) whereas a white solid lines border the botanical garden.
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Figure 4. Fractions of measured OVOC (methanol, acetaldehyde, acetoneraipparomatic (benzene, toluerie;-benzenes) and ter-
penoid (isoprene+furan, monoterpenes) fluxes from each seclong+-August and September—May (in mass basis). Ethanol+foridic ac

was left out from the analysis as its concentrations were not directly atdithr
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Figure 11. Selected VOC fluxes as a function 60, fluxes from Helsinki, London and Mexico City (note the logarithmic scaléle T
averageCO- and VOC fluxes of Helsinki are taken from Jarvi et al. (2012) (scéleah the annual average) and this study, respectively.
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