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Abstract. Boundary layer concentrations of several volatile gion (Makeh et al., 1997; Kulmala et al., 2004b). The maxi-
organic compounds (VOC) were measured during two cam-mum of new aerosol particle formation in these areas occurs
paigns in springs of 2003 and 2006. The measurements weria the spring (Dal Maso et al., 2005). Aerosol formation and
conducted over boreal landscapes near SMEAR Il measureespecially growth in rural areas are expected to be caused
ment station in Hyytla, Southern Finland. In 2003 the mainly by terpenoid compounds and their oxidation products
measuremens were performed using a light aircraft and i(O’Dowd et al., 2002; Tunved et al., 2006). To understand
2006 using a hot air balloon. Isoprene concentrations werghe details of these formation and growth processes, it is im-
low, usually below detection limit. This can be explained portant to know the concentrations and sources of condens-
by low biogenic production due to cold weather, phenolog-able vapors in the atmosphere. Atmospheric concentration of
ical stage of the isoprene emitting plants, and snow coverany trace gas depends on transport, sources, sinks and chem-
Monoterpenes were observed frequently. The average toistry of the compound in question. Surface- and boundary
tal monoterpene concentration in the boundary layer wadayer concentrations of volatile organic compounds (VOC)
33 ppt,. Many anthropogenic compounds such as benzenen European boreal region have been measured by various
xylene and toluene, were observed in high amounts. Ecosysnavestigators (e.g. Janson et al., 1992; Hakola et al., 2000,
tem scale surface emissions were estimated using a simp2003, 2006a; Spirig et at., 2004; Rinne et al., 2005).

mixed box budget methodology. Total monoterpene emis- Classical nucleation theories suggest that high saturation

. . 211 i . . _
sions varied up to 8lg m™*h™", a-pinene contributing typ ratio of condensable vapors leads to nucleation. High sat-

ically more t.han two thirds of that. Thesg EMISSIONS WETE  ation ratio can be obtained by lowering the temperature,
somewhat higher that those calculated using emission algo

ithm. The highest emissi £ anth . q or by increasing the concentration. The highest concentra-
rhm. The highest emissions ot anthropogenic compoundy;ong of condensable compounds occurs usually just above
were those of p/m xylene.

the canopy while lowest temperatures are observed at the top
of the boundary layer. In addition to saturation ratio, sev-
eral other factors have effects on nucleation. These include
1 Introduction relative humidity, pre-existing particle surface and turbulent
mixing. These partly contradicting requirements make it al-
Atmospheric aerosol particles are important for the globalmost impossible to predict where in the boundary layer the

radiation budget (Seinfeld and Pandis, 1998; Twomey, 1991formation of new particles actually takes place, and which
Ramanathan et al., 2001; Cess et al., 1995; Kurten et alare the most important factors affecting it.

2003; Kulmala et al., 2004a). In addition to anthropogenic . . .
sources, biogenic activities increase significantly the aerosol _VOC EMISSIONS can be estimated on dn‘fgrent scales t_)y
load (e.g. Tunved et al., 2006). Substantial production ofdlfferent techniques. Branch scale VOC emissions of typi-

: - | tree species in the boreal areas have been measured us-
new aerosol particles has been observed in forested boreal ré?
P |8ng chambers by e.g. Janson (1993), Hakola et al. (1998,

Correspondence tdS. Haapanala 2006b) and Tarvainen et al. (2005). On the ecosystem scale
(sami.haapanala@helsinki.fi) VOC emissions from boreal forests have been measured
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1870 S. Haapanala et al.: VOC concentrations and emissions in early spring

Table 1. A summary of flights including start and end time of the measurement period, duration of that period, average canopy level air
temperature, and above canopy photosynthetic photon flux density (PPFD) during the measurements.

Date Starttime Endtime Duration Temperature PPFD
[dd/mml/yy] [hh:mm]  [hh:mm]  [min] PC] [molm—2s~1]
QUEST Il 2003, light aircraft

21 March 2003 13:07 13:32 25 -3 900

25 March 03 12:10 14:00 110 4 950

26 March 03 11:32 12:41 69 6 930

27 March 03 09:47 10:17 30 3 700

28 March 03 08:55 10:17 82 2 750

28 March 03 10:46 11:59 73 4 980

28 March 03 14:41 16:10 89 5 800

2 April 2003 11:50 12:50 60 -3 550
LABACET 2006, hot air balloon

10 March 2006  13:35 14:14 39 -9 550

12 March 2006  14:56 15:17 21 -4 550

13 March 2006  13:58 14:28 30 1 630

14 March 2006  11:43 12:08 25 -2 810

17 March 2006  14:17 14:53 36 5 500

Table 2. The proportions of different land use categories in the area
of 1600 kn? around SMEAR Il station.

Land use type Proportion [%)]
built areas 0.3

wetlands 0.7

clear cut 1.7

deciduous forest 2.0

open land 2.9

agriculture 10.2

water bodies 13.0

mixed forest 20.9

pine dominated forest 22.7
spruce dominated forest  25.5

by e.g. Rinne et al. (1999, 2000a, 2000b) and Spanke et
al. (2001). These studies proved boreal vegetation to be
strong monoterpene emitters, with some sesquiterpene and
isoprene emissions as well.

Fig. 1. A map of the land use around SMEAR Il station. The lo- Surface emissions on the landscape scale can be estimated
cation of the station is indicated with a white star in the middle of p

the picture. The area shown is >80 km?. Shades of green are using boun@ary layer concentrations. Davis et al. (1994)
forests, yellow are agricultural lands, red are wetlands and blue ar@erformed first measurements of landscape scale hydrocar-
water bodies. Black lines show the routes of three balloon flights.POn emissions using a mixed-layer gradient technique. They
Green stars indicate balloon locations when VOC sampling wagmeasured isoprene and monoterpene concentrations in the
conducted. Map material: Copyright National Land Survey of Fin- lower part of the boundary layer above tropical rainforest
land 2002. in Amazonas, Brazil and mixed pine-oak forest in Alabama,
USA. In the boreal region Spirig et al. (2004) have measured
boundary layer concentrations of isoprene and monoterpenes
using tethered balloon in the Southern Finland in summer-

Atmos. Chem. Phys., 7, 1869878 2007 www.atmos-chem-phys.net/7/1869/2007/



S. Haapanala et al.: VOC concentrations and emissions in early spring 1871

time. They used both mixed-layer gradient and mixed box 13-03-2006
budget methods and estimated the surface fluxes of monoter 250 ‘ ‘ ‘
penes to be between 180 and 3@Pm2h~1 in August

2001. However, no previous measurements in these region:  ,q0l
in early spring, which is the maximum particle formation
season, have been reported. In addition, there is not muct
information on the boundary layer concentrations of the an-
thropogenic compounds in the rural areas of northern Eu-
rope.

In the present study, we measured concentrations of sev:
eral non-methane hydrocarbons throughout the boundary
layer. In addition, we calculated estimates for the landscape
scale surface emissions of these compounds. Our measure
ments were conducted in early spring when events of new 00 500 1000 1500 2000 2500 3000 3500 4000
aerosol particle formation are often observed in boreal areas Time [s]
An extensive set of aerosol measurements were performec 14-03-2006
simultaneously. 2500 ‘ ‘ ‘ ‘ ‘

1500

Altitude [m]

1000

500

2000 -
2 Materials and methods
The measurements were performed during QUEST Il (Quan- £ **%|
tification of Aerosol Nucleation in the European Boundary
Layer) measurement campaign in 2003 (hereafter referred
to “QUEST Il 2003") and LABACET (LAgrangian Balloon-
borne Aerosol Characterization ExperimenT) experiment in
2006 (hereafter referred to “LABACET 2006"). In QUEST Il
2003 the measurements were carried out between 21 Marct
2003 and 2 April 2003 using a light aircraft. In LABACET % 500 1000 1800 2000 2500 3000 3500 2000
2006 the measurements were conducted between 10 Marcl Time [5]
2006 and 17 March 2006 using a hot air balloon as a mea- 17-03-2006
surement platform. Table 1 summarizes the flights and some > ‘ ‘ ‘ ‘ ‘
of the basic atmospheric properties during them. Despite of
some longer flights, only samples taken within 45 min were 2000}
accepted to represent one profile. Figure 1 shows three ex
amples of hot air balloon routes and the location when VOC
sampling was conducted. In Fig. 2 altitude curves of the
same flights with VOC sampling points are shown. Due to
problems with GPS data, routes of all flights are not avail-
able.

The measurements took place near SMEAR Il mea- s00l
surement station, located in Southern Finland°81N,
2417 E, 180m a.s.l.). The area belongs to the south-
ern boreal zone. Vegetation consists mainly of coniferous 0 500 1000 1500 2000 2500 3000 3500 4000
trees, dominated by Scots pinRiifus sylvestrisand Nor- Time ]
way spruce Picea abiey Figure 1 shows the different land
use categories around SMEAR |l station. In Table 2 the pro-
portional abundances of different categories are given. Th&19- 2. Cruise altitude during the balloon flights shown in Fig. 1.
land use data is derived from satellite photographs and forC'éen stars indicate balloon locations when VOC sampling was
est inventories by National Land Survey of Finland and hasstarted and red stars locations where sampling was stopped.

a resolution of 2% 25 m.

The annual mean temperature in the area“i€.3The
warmest month is July with mean temperature ofG@&nd  statistics are from Juupajoki-Hy#@ia meteorological station,
the coldest is February with mean temperature 6G-8’he  located about 500 m east from the SMEAR Il measurement
annual mean precipitation is 700 mm. These climatologicalstation and the data represents period 1971-2000 (Drebs et
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perature and humidity sensors. These were used to determine
the top of the boundary layer. This was done subjectively
from the potential temperature and water vapour mixing ra-
tio data. The top of the boundary layer was assumed to be
at the height where water vapour mixing ratio has a strong
change or potential temperature gradient changes to positive.

2003 2006

Temperature PC]
»l- =
o o o
s 3
o
=
=
| E
o
©
=
U 1
N = =
o o o o

70 80 90

100 g

80 In Fig. 4, one typical case (13 March 2006) is shown.

6| | The measurement platform during QUEST Il 2003 flights

‘2'2 : : was a DHC-6/300 Twin Otter STOL fixed-wing, twin engine
70 80 90 aircraft OH-KOG. The airflow for VOC samples was taken in

1500 IIARA(‘FT

! ! through a pitot tube located at the roof of the aircraft, in front
0001 ! of the engines. Dynamic pressure of the pitot tube gener-
5°°mmmmmmmm ated a flow through 3 m of Teflon tubing which had an outlet
20 20 90 20 20 P below the aircraft. The total airflow at the sample inlet was
Day of Year Day of Year much higher than required for VOC sampling devices. Sam-
pler devices were connected to this line. For more details
Fig. 3. Air temperature and relative humidity at 8 m height and pho- of the sampling system, see O’'Dowd et al. (2007). The mea-
tosynthetic photon flux density (PPFD) above forest canopy duringsurement platform during LABACET 2006 flights was an UI-
springs 2003 and 2006. Time periods of the measurement camtramagic S-130 hot air balloon OH-SOL with an Ultramagic
paigns are marked in the figures. C-6 gondola and a MK-21 burner. To avoid the contaminants
produced by the burner, the measurements were performed
only during descend of the balloon, when there is strong flow

2000 2000 PA ‘ of unaffected air from below the gondola and when the usage
1800 1800 ] of burner is minimal. In addition, the samples were collected
1600 1600 about two meters below the gondola base. From the data of
1400 1400 ae_r(_)so! particle n_umber concentration, temperature and hu-
- midity, it was confirmed that these procedures were adequate
F 1200 1200 L ] to guarantee contamination free measurements.
£ 1000 1000 1 Light C,-Cg hydrocarbons were sampled into 0.851 elec-
< 800 800 ] tro polished stainless steel canisters. The canisters were
600l — N R W _ evacuated beforehand and pressurized during sampling us-
200 200 ing Teflon coated pump. The du_ratlon of one canister filling
was 60-180s. Chemical analysis of these samples was per-
200 200 ] formed using a gas chromatograph (HP-6890) with a flame
e s % T s s . ionization detector (FID).
Potential temperature [*C] Water vapor mixing ratio [g kg™%] Heavier G-C1o hydrocarbons were trapped into cartridges

filled with Tenax-TA and Carbopack-B adsorbents. The sam-
Fig. 4. Vertical profiles of potential temperature (left panel) and ples were taken using 10-min sampling time and constant
water vapor mixing ratio (right panel) on 13 March 2006. The black flow of about 0.26 | per minute in the QUEST Il campaign.
line shows subjectively approximated height of the boundary layerDuring the LABACET experiment only 1- to 4-min sampling
top. times were possible. Therefore we had to use a sampling
flow of about 0.451 per minute. At this high flow rate a
breakthrough can be a significant problem and hence we used
al., 2002). two cartridges installed in series. The concentrations anal-
At the SMEAR Il measurement station many environmen-ysed from these two cartridges were summed to yield the
tal parameters are measured routinely (Hari and Kulmalatotal concentration. On average 90% of the measured total
2005). These include various aerosol measurements, cormonoterpene concentration was trapped in the first cartridge.
centrations and surface fluxes 0@, CO; and G as well  The adsorbent samples were analyzed using automatic ther-
as ordinary meteorological parameters. In Fig. 3 air tempermodesorption device (Perkin-Elmer ATD-400) connected to
ature and relative humidity measured at 8 m height and phoa gas chromatograph (HP-5890) and a mass-selective detec-
tosynthetic photon flux density measured above forest duringor (HP-5972). For more details on the analysis systems used
springs 2003 and 2006 are shown. Spring 2003, with mearfor airborne samples, see Hakola et al. (2000).
temperature around zero, was clearly warmer than spring During the QUEST Il 2003 campaign, additional surface
2006. layer concentration measurements of monoterpenes were
Both aircraft and hot air balloon were equipped with tem- conducted at the top of the SMEAR Il tower, above the
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Table 3. A summary of sampling methods during the projects.

Measurement  Sampling Sampling flow Samplingtime  Analytical Measured compounds
method rate [ml min_l] [min] method

QUEST I1 2003

Ground Tenax-TA 50 120 thermodesorptiomonoterpenes

GC-MS

Aircraft canister 1 GC-FID benzene, isoprene

Aircraft Tenax-TA & 260 10 thermodesorptionmonoterpenes,  aro-
Carbopack-B GC-MS matic hydrocarbons

LABACET 2006

Balloon canister 1-3 GC-FID benzene, isoprene

Balloon Tenax-TA & 450 1-4 thermodesorptionmonoterpenes,  aro-
Carbopack-B GC-MS matic hydrocarbons

forest canopy. These samples were collected on Tenaxayer with reasonable accuracy. This data was used directly
TA at 50mImin® for 2h per sample. A sampler system to estimate the loss rate of hydrocarbons caused by ozone.
with timers and solenoid valves was used to enable samplindhe typical monthly mean daytime concentrations of OH
around the clock for the duration of the campaign. The sam-were adopted directly from Hakola et al. (2003). They cal-
ples were analysed in the laboratory by ATD-GC-MS. For culated daytime concentration of OH using a photochemical
more details on the sampling and analysis system of surfacenodel. The model was initialized using data from year 2000,
measurements, see Janson et al. (2001). Table 3 summarizegasured in the vicinity of SMEAR Il station. The mean
all sampling procedures during these projects. OH concentrations were 0.013 ppt and 0.030 ppt for March
In order to estimate the magnitude of the surface emissionand April, respectively. Real instantaneous values may dif-
we used a simple mixed box budget method (e.g. Guenthefer significantly from these typical values. From the differ-
et al.,, 1996). In this method, the mixed boundary layer isences between mean concentrations of successive months in
treated as a closed and well mixed box where sources (suthe spring, it was estimated that the actual concentration may
face emission) and sinks (chemical loss and entrainment) ardiffer from mean values even with a factor of about 3. This
in balance. Here we assume that these processes are constantclusion is supported by the model data presented by Boy
in time and space, causing the mean concentrations of thet al. (2005). Reactions of hydrocarbons with nitrate radical
compounds to be constant as well. The entrainment flux a{NOs) were ignored because they are important only during
the top of the boundary layer can be estimated using jummight time. Loss rates were calculated from
model where flux equals to product of concentration differ-
ence across the boundary layer top and the growth rate of = Ovoc (CozKo; + Corkon) . )

the boundary layer. Guenther et al. (1996) and Spirig elyherecyoc is the concentration of a particular VOC com-
al. (2004) showed that in their studies neglecting entrammenbound ©3 and @ are the concentrations ofsGand OH

would lead to less than 20% underestimation in the S“rfac%spectively anddg and ko are the corresponding second
flux. Due to lack of good estimates of boundary layer growth ey rate coefficients. Average boundary layer concentra-

rate, the entrainment flux at the top of the boundary layer isjong were obtained by trapezoid integrals. Integration was

neglected in this study. This leads, on average, to similar unsnqucted from the lowest measured point up to the top of the

derestimation in the surface flux as in the studies cited abo"emoundary layer. The uppermost concentration measurement

as will be shown in Results and discussion. After these asyag extrapolated to represent the concentration at the top of
sumptions we can write

the boundary layer. The concentrations that were below the
F =z, (1) detection limit of the chemical analysis were converted to the

I f ion limit divi .
where F is the surface fluxz is the height of the boundary value of detection limit divided by two

layer andS is the chemical loss rate.

The chemical loss rates for different hydrocarbons were
estimated from their reactions with ozonez§@nd hydroxyl
radical (OH). Ozone concentration was measured at the top
of the SMEAR Il mast, 67 m above the ground level. Al-
though measured in the lowest part of the boundary layer,
this data was assumed to represent the whole mixed boundary

www.atmos-chem-phys.net/7/1869/2007/ Atmos. Chem. Phys., 7, 18882007



1874 S. Haapanala et al.: VOC concentrations and emissions in early spring

SURFACE LAYER BOUNDARY LAYER ture at this time was -°&. This value as well as the monoter-
3% aton pene distribution is quite similar compared to our results.
Also Rinne et al. (2000a) measured surface layer monoter-
34% pene distribution at SMEAR Il in August 1998. They found
46% almost similar distribution with somewhat higher proportion
o0t @ of a-pinene and lower proportion ok3-carene. The total
21% concentration in their measurement was about 50Q ppt
5% Higher in the boundary layer the average total monoter-
12% pene concentrations were 34 pphd 32 ppt during QUEST
Il 2003 and LABACET 2006, respectively. Spirig et
I o-pinene al. (2004) measured average monoterpene concentration
%i;_p';:‘:e to be 37 ppt within mixed layer in August 2001 above
I camphene Hyytiala. This concentration is close to those values mea-

sured in the present study. Also the monoterpene distribu-

Fig. 5. Relative abundances of different monoterpenes duringtion Was quite close to our results except for the significant

QUEST Il 2003 in the surface layer (left panel) and upper in the limonene concentrations measured' by Spirig et al. (2904)-
boundary layer (right panel). Hakola et al. (2003) found out that limonene concentrations

in the surface layer have stronger seasonal variation than
other monoterpenes, with higher concentrations during sum-
3 Results and discussion mer and fall.
In Fig. 6 examples of vertical gradients of monoterpene
3.1 Boundary layer concentrations of volatile organic com-concentrations are shown. The gradients are seldom well be-
pounds having although clear decreasing trend upwards can be seen.
Figure 6b shows how monoterpene concentrations suddenly
Statistics of the VOC concentrations measured during thejropped at nearly constant altitude. Some of these variations
whole campaigns are presented in Table 4. Isoprene concemn the gradients may be explained by changes of vegetation
tration exceeded the detection limit{0ppt) only in two  inside measurement footprint during movement of the mea-
samples. Isoprene is known to be emitted by many boreakurement platform. A large part of the variation is explained
plant species (e.g. Hakola et al., 1998; Kalet al., 2006; by analytical uncertainties of 17% up to 61% for different
Haapanala et al., 2006) directly from synthesis which is lightmonoterpenes. The magnitudes of analytical uncertainties
and temperature dependent (Guenther et al., 1993). The alre calculated as mean relative standard deviation of paral-
sence of isoprene can be explained by three factors: earlje| samples taken regularly at the SMEAR |l station. Due to
time of year, cold weather at the time of the measurementsghort sampling times in the present study, real uncertainties
and relatively low coverage of isoprene forming plants. Dueare likely to be even higher.
to early time of year isoprene emitting deciduous trees did |n addition to biogenic compounds, the concentration data
not have leaves yet and ground vegetation, such as sphagt four VOCs of mainly anthropogenic origin are given in Ta-
num mosses in wetlands, was covered by snow. Cold weathajle 4. The highest concentrations are those of benzene, being
alone could have explained low concentration of isoprene om 79 ppt and 148 ppt during QUEST Il 2003 and LABACET
most of the days. 2006, respectively. Figure 7 shows selected vertical gradients
Monoterpenes were observed frequently throughout thesf benzene. For comparison, Hakola et al. (2006a) observed
boundary layer. Figure 5 shows relative abundances of difaverage benzene concentrations in the surface layer to be
ferent monoterpenes in the surface layer and in the boundary11 ppt and 28 ppt in the winter and summer, respectively.
layer. In this comparison only data from QUEST I 2003 was Those surface air measurements were done at a rural site in
used. The most abundant monoterpene wsnene with  the Northern Finland. Xylene concentrations varied a lot,
average daytime surface concentration of 37 pptd bound-  average concentration being close to that of benzene. Emis-
ary layer concentration of 18 ppt The second most abun- sjons of these anthropogenic compounds can be assumed to
dant monoterpene was>-carene. Contribution of camphene pe roughly constant throughout the year, but slower chemi-

was strongly increased upwards. This is, at least partly, excal degradation in the winter causes about ten-fold concen-
plained by the differences in reactivities of different monoter- trations.

penes. Camphene has lowest reactivity against OH and O

of the monoterpenes analyzed (Atkinson, 1994). The av-3.2 Estimates of surface emissions

erage total monoterpene concentration in the surface layer

was 63 ppt. Hakola et al. (2003) measured the average to-The total landscape scale emission of monoterpenes var-
tal surface layer concentrations of monoterpenes to be abouéd between %4 and 3%11ugm2h~! during QUEST

80 ppt, in March 2001 at SMEAR 1. The average tempera- 1l 2003 and between-910 and 7%17xgm—2h~1 during

Atmos. Chem. Phys., 7, 1869878 2007 www.atmos-chem-phys.net/7/1869/2007/
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a) 25/03/2003 12:40
000 ===~~~ {—@—o-pinene | 1000 e
B-pinene
A%-carene
8001 =—@— camphene |- 8001 1
E 600f % 600 BN
3 3 :
% < 400+ —
400
2001
200} —©— 25/03/2003 12:40
= © =28/03/2003 09:50
@+ 14/03/2006 11:45
ole I I ! ?25 150 175 200 225
0 10 20 30 40 50 60 Concentration [ppt]
Concentration [ppt]
o ‘ 28/03/2003 09:50 ‘ Fig. 7. Concentrations of benzene in the boundary layer on three
1000 —e— o—pinene |1 days and corresponding boundary layer heights.
B-pinene
A%-carene
soor camphene |1 LABACET 2006. The dominant compound in the emis-
sions wasx-pinene (see Fig. 8 and Table 5). Emission did
% eoor not show clear dependence on the surface temperature (see
3 Fig. 9) which can be due to very low temperatures and re-
< Lok sulting low concentrations as compared to analytical uncer-
tainties. The uncertainty estimates were obtained by stan-
dard error propagation. Uncertainties used in this analysis
2007 were: Boundary layer height 10%, concentrations 17%—61%
depending on the compoundz @oncentration 5%, OH con-
ot -5 55 = m = ~ centration 300%, reaction rate constants 10%.
Concentration [ppt] We did not have observations on the growth rate of
9 1410312006 12:00 the boundary layer but from the boundary layer heights it
; ‘ ‘ ; , ; = was assumed to be less than 0.0IthsUsing the aver-
10007 +‘§:§|‘:§:§ ] age boundary layer concentration of monoterpenes during
N-carene LABACET 2006 (0.17ug m~3) entrainment flux of less than
800 —©— camphene | 6ugm-2h~1is obtained. Compared to average surface flux
of monoterpenes (38;4g m~2 h~1) this means underestima-
SR N | tion of about 16%.
g We calculated the landscape scale monoterpene emission
£ potential using temperature dependent emission algorithm
400¢ (Guenther et al., 1993) with commonly used temperature de-
pendency factop=0.09C~1. The standard emission poten-
200} tial obtained was 14hg m—2h~1. For comparison, we cal-
culated the average landscape scale emissions using the same
oL ‘ ‘ ‘ ‘ ‘ ‘ algorithm (Guenther et al., 1993), the land use data presented
0 10 20 30 40 50 60 70 in Table 2, and emission potentials and foliar biomass den-

Concentration [ppt]

sities for different forest types used by Lindfors and Lau-
rila (2000). The resulting landscape scale emission potential
of monoterpenes was 57& m—2h~1, which leads to some-

Fig. 6. Examples of vertical gradients of different monoterpene . . . . .
species. Dashed line indicates the height of boundary layer. PaneIVthat higher emissions than those derived in this paper. These

(a) and(b) originates from QUEST Il 2003 aircraft flights and panel Curves are shown m,th? Fig. 9. Spirig et al. (2004) reported
(c) from LABACET 2006 balloon flight. landscape scale emissions to be lower than ecosystem scale

emissions measured before at the same place, which supports
our results.

www.atmos-chem-phys.net/7/1869/2007/ Atmos. Chem. Phys., 7, 18882007
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3.3 Estimates of production rate of condensable vapors
30

. . I QUEST Il 2003
We estimated the production rate of condensable vapors frorr T

the total oxidation rate of VOCs (Eq. 2). We assumed aver- 251
age formation yield of 8% from monoterpenes (e.g. Yu et al.,
1999; Hoppel et al., 2001) and 4% from aromatic compounds 20r

(e.g. Odum et al.,, 1996). The average total production
rate of condensable vapors was01* molecules cm3s—1
which is about half of the values reported by Spanke et

Flux [ug m2h™Y

al. (2001) and Spirig et al. (2004) at the same site. How- 1op 1
ever, they both conducted measurements in August wher

temperature and hence emissions of biogenic compounds ar 5¢ 1
substantially higher. In addition, oxidant levels are signifi- - I -

cantly higher at that time of the year. To study the annual
cycle of production of condensable vapors from monoter-
penes ¢-pinene,B-pinene,A3-carene, camphene, sabinene
and limonene) we used the concentration data measured bigig. 8. Average fluxes of different monoterpene species during the
Hakola el al. (2003). From these data we calculated thewo experiments.

monthly production rate in the similar manner for surface

layer at about midday. In March the surface layer production

turns out to be about threefold compared to our results rep- 100F

.
a-pinene b-pinene D3-carene camphene

e QUESTII 2003

resenting the whole boundary layer. Further we can see the 90l o LaBACET2006 /]
N i N (N RESTETR Fit
strong annual cycle peaking in the June-July, when tempera g0l Algorithm prediction| |

ture induced emissions of monoterpenes are highest togethe
with fast oxidation due to strong solar radiation.

4 Conclusions

Monoterpene flux [ug m2hY

Boundary layer concentrations of volatile organic com-

pounds were measured over boreal forests during early
springs of 2003 and 2006. Due to short sampling times used
in LABACET 2006 experiment, those results are somewhat

) - S 0
more uncertain. Because of the ability to maintain stable Temperature FC]

flight altitude, aircraft seems to be better measurement plat-

form than hot air balloon for this kind of work. Fig. 9. Sum flux of monoterpenes versus surface temperature

Despite of cold weather, the boundary layer concentra-and fit to that dataset using temperature dependency coefficient
tions of monoterpenes were at the same level than those me#=0.09C 1. Solid black line shows algorithm prediction.
sured in August at the same site during earlier studies. Iso-
prene, however, was almost absent. Although monoterpene o
concentrations were at the same level than in late summefmethods. Emissions of monoterpenes were lower than pre-
the production of condensable vapors was significantly re-dicted by the ecosystem scale measurement data. Fitting
duced due to slower chemistry. Therefore, the aerosol forf the measurement data to the Guenther emission algo-
mation events can not be explained solely by condensabl&thm yield to the landscape scale emission potential of only
vapors produced from those VOC compounds measured if4°49 m-2h~, which is considerably lower than one de-
this study. The concentrations of anthropogenic compound&ved from previous emission measurements. In addition
were at the same level than those observed in the wintertim& the systematic underestimation caused by the mixed box
during earlier studies. Likewise for the biogenic compounds,Methed, this may indicate lower emission potential due to
the high concentrations are explained by the slow OH chem&2rly season. The3h|ghest monoterpene emissions were those
istry due to early time of year. of a-pinene andA°-carene, which is in line with previous
Landscape scale surface emissions were estimated using@asurements conducted over boreal forests.
simple mixed box method. The vertical profiles were not ocxnowledgementsl. Paatero is acknowledged for the mea-
always well-behaving and therefore we did not use gradi-syrements during aircraft flights. M. Sipinen, R. Lampinen,
ent methods. In the summer, the boundary layer might b&_. Kulmala, T. Ruuskanen and T. &tholm are acknowledged for
somewhat better mixed and thus allows the usage of theskot air balloon flights. S. Haapanala is grateful to the Academy
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Table 4. Statistics of the average VOC concentrations in,pf@ata of QUEST Il 2003 represents measurements during 8 different flights
and data of LABACET 2006 represents measurements during 5 different flights. For further details of the flights see Table 1.

LABACET 2006 boundary layer

DL UC QUEST Il 2003 surface layer QUEST Il 2003 boundary layer
mean stdev min max mean stdev min max mean stdev min max

isoprene 10 4% - - - - b.dl.  bdl bdl bd.l 6 2 b.dl 10
a-pinene 14 23% 37 21 b.dl. 62 15 9 b.dl 37 20 10 14 37
B-pinene 2 17% 3 5 b.dl 12 4 2 b.dl. 9 1 2 b.dl 4
AS-carene 4  27% 21 19 bdl. 50 8 4 b.dl 18 10 9 4 25
camphene 4 61% 2 5 b.d.l. 15 7 4 bdl 21 1 2 bdl 5
Y monot. 63 34 32
benzene 4 16% - - - - 179 39 101 257 148 46 81 199
toluene 46 34% - - - - 108 72 38 285 61 27 46 108
p/mxylene 68 49% — - - - 123 94 26 329 81 27 68 130
o xylene 85 30% - - - - 48 36 11 123 102 36 85 166

DL = typical detection limit, UC = analytical uncertainty in %, - = not measured, b.d.l. = below detection limit

Table 5. Statistics of the VOC emissions jng m~2 h~1. Data of QUEST Il 2003 represents measurements during 8 different flights and
data of LABACET 2006 represents measurements during 5 different flights. For further details of the flights see Table 1.

QUEST 112003 LABACET 2006
mean stdev min max mean stdev min max
isoprene b.dl.  bdl bdl bdl 1.7 0.6 bdl 28
a-pinene 13.1 8.2 33 247 274 162 16.1 555
B-pinene 1.7 1.4 0.3 4.3 0.4 1.0 bdl 22
AS-carene 39 32 bdl 86 86 80 24 222
camphene 1.5 1.7 b.d.l 4.9 0.3 0.5 bdl 1.1
2monot. 20.2 38.4
benzene 1,1 0,6 0,3 2,0 0.4 0.2 0.2 0.6
toluene 1,0 04 0,3 1,7 0.9 0.5 0.6 17
p/m xylene 3,3 2,4 15 8,7 4.6 1.7 3.3 7.7
o xylene 0,9 0,6 0,1 2,3 4.2 1.6 3.0 7.0
b.d.l. = below detection limit
of Finland for financial support (project 206162). This work  ter, G. L.: Absorption of solar radiation by clouds: Observations
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