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Abstract. This study scrutinizes a decade-long series ofvariate model for ozone non-stomatal deposition was much
ozone deposition measurements in a boreal forest in seardower (R? = 0.38). The set of common environmental vari-
for the signature and relevance of the different depositionables and terpene concentrations used in multivariate analy-
processes. The canopy-level ozone flux measurements wesgs were able to predict the observed average seasonal vari-
analysed for deposition characteristics and partitioning intoation in total and non-stomatal deposition but failed to ex-
stomatal and non-stomatal fractions, with the main focus orplain the inter-annual differences, suggesting that some still
growing season day-time data. Ten years of measurementmknown mechanisms might be involved in determining the
enabled the analysis of ozone deposition variation at differ-inter-annual variability. Model calculation was performed to
ent time-scales, including daily to inter-annual variation asevaluate the potential sink strength of the chemical reac-
well as the dependence on environmental variables and cortions of ozone with sesquiterpenes in the canopy air space,
centration of biogenic volatile organic compounds (BVOC- which revealed that sesquiterpenes in typical amounts at the
s). Stomatal deposition was estimated by using multi-layersite were unlikely to cause significant ozone loss in canopy
canopy dispersion and optimal stomatal control modellingair space. The results clearly showed the importance of sev-
from simultaneous carbon dioxide and water vapour fluxeral non-stomatal removal mechanisms. Unknown chemical
measurements, non-stomatal was inferred as residual. Als@ompounds or processes correlating with monoterpene con-
utilising the big-leaf assumption stomatal conductance wasentrations, including potentially reactions at the surfaces,
inferred from water vapour fluxes for dry canopy conditions. contribute to non-stomatal sink term.

The total ozone deposition was highest during the peak grow-
ing season (4mnTs) and lowest during winter dormancy
(1mms1). During the course of the growing season the )
fraction of the non-stomatal deposition of ozone was deter ~Introduction

mined to vary from 26 to 44 % during day time, increasing
from the start of the season until the end of the growing sea € carbon and water exchange of the ecosystems has been

son. By using multi-variate analysis it was determined thatMonitored and analysed across geographical locations and
day-time total ozone deposition was mainly driven by pho_dlfferent ecosystem types over a long period with the use

tosynthetic capacity of the canopy, vapour pressure deficif’f micrometeorological stations (e.g., Goulden et al., 1996;

(VPD), photosynthetically active radiation and monoterpenel‘":dro'[h et al, |1998; Valentini et al., 200f0). S|mllf?r re-
concentration. The multi-variate linear model explained theSUltS/reports on long-term measurement of ozone fluxes at

high portion of ozone deposition variance on daily aver- the ecosystem level are rather limited (Zhang et al., 2002;

age level R2 = 0.79). The explanatory power of the multi- Turn_ispeed etal., 200_9_; Fares (_at al., 201Q). Nevertheless, ex-
tensive ozone deposition studies over different ecosystems
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have been performed in order to understand deposition mechFherefore, the control of ozone deposition likely differs be-
anisms and possible harmful effect on ecosystems (e.gtween sites and between years and seasons within one site.
Fowler et al., 2001; Lamaud et al., 2002; Goldstein et al., The ozone fluxes over the boreal pine forest in Hyytiala,
2004; Holzinger et al., 2005, 2006; Altimir et al., 2006; Southern Finland have been measured since 2001. Altimir et
Mészaros et al., 2009; Lamaud et al., 2009; Coyle et al.al. (2004, 2006) studied the ozone removal at the site by us-
2009). ing the shoot-level chamber as well as the canopy level eddy
Whereas the biotic control through stomatal uptake iscovariance measurements. The findings indicated that ozone
better understood, a major knowledge gap is (still) the be-deposition was strongly affected by the humidity conditions
haviour of the so-called non-stomatal deposition (Erisman ebf surfaces and non-stomatal deposition contributed from 25
al., 2005; Wesley and Hicks, 2000; Fowler et al., 2009). Sev-to 50 % of total deposition in dry conditions and from 50 to
eral mechanisms have been proposed to play a role in crea60 % in moist conditions. Rannik et al. (2009) studied the
ing the non-stomatal deposition. Surface wetness modulatesight-time ozone deposition at the same forest site and found
the deposition, usually enhancing it, as it has been showethat it was invariant with the turbulence intensity suggesting
in many works (summarised in Massman, 2004; Altimir et that available time for chemical reactions during the turbulent
al., 2006). Fowler et al. (2001) propose thermal decompositransport inside canopy did not affect the ozone sink strength.
tion as another mechanism, which in Coyle (2005) was sug- Overall ozone deposition can only be understood as the
gested to be the main sink on dry surfaces. Homogeneous armerlap of different scavenging phenomena that in turn re-
heterogeneous reactions with organics or other reactive consults in the different temporal patterns. The occurrence and
pounds have also been considered. Many studies emphasizelevance of these various deposition processes can be ad-
the role of gas-phase chemical reactions on ozone depositiomlressed with long-term measurements that cover the whole
Several papers addressing the ozone deposition over pinenge of environmental conditions at the site. In addition,
forests (Goldstein et al., 2004; Holzinger et al., 2005, 2006)long-term measurements enable to reduce the uncertainty in
revealed the role of the chemical reactions with BVOC-s in canopy level measurements and obtain confidence in ozone
ozone removal. Kurpius and Goldstein (2003) noted that life-deposition characteristics. The current study further utilises
times of many reactive terpenes can be less than a minutlong-term ozone deposition measurements performed at the
and significant part of ozone deposition into ecosystem wadboreal forest site in Hyytiala to determine ozone deposition
due to chemical loss in the canopy. Holzinger et al. (2006)and its partitioning into stomatal and non-stomatal compo-
identified connection between monoterpene flux and nonnents, and in particular the potential role of BVOC ozonoly-
stomatal ozone flux, further suggesting that large amountsis. Therefore, the analysis presented here focuses primarily
of other substances reacting with ozone are released causn day-time data during the growing season, presenting also
ing the observed correlation. Goldstein et al. (2004) studiedshortly the night-time and dormant season deposition statis-
the monoterpene emission and ozone uptake over thinningics. Multi-layer modelling approach using the optimal stom-
performed in California pine forest. They observed simulta-atal model was combined with inverse estimation of stom-
neous enhancement of monoterpene emission and ozone ugtal model parameters from carbon dioxide and water flux
take and suggested that this simultaneous enhancement prmeasurements in order to estimate the stomatal ozone de-
vided strong evidence that ozone reacted with unmeasurefosition component. The study scrutinizes a long time se-
BVOC-s. ries of ozone deposition measurements in order to investigate
The present knowledge on ozone deposition is that therehe signature and the relevance of different deposition pro-
are various mechanisms removing the ozone at the canopyesses. The measured and modelled fluxes are decomposed
air interface, controlled both by biotic and abiotic processesinto bulk canopy level conductances to (a) present ozone de-
and simultaneously modulated by the environmental factorsposition statistics based on a very long time series, (b) evalu-
This means that in addition to the characteristics of the vegeate diurnal, seasonal and inter annual variability of total and
tation cover, the prevailing environmental factors will be de- non-stomatal conductance employing multi-variate analysis
terminant in promoting a particular pathway to ozone depo-techniques and (c) identify environmental variables and con-
sition. It is, then, expected that at different locations or/andcentrations of biogenic volatile organic compounds driving
under different climate regimes the ozone deposition mightozone deposition in order to assess the processes responsible
be dominated by a particular set of 0zone removal processe$or ozone removal at the site.
For example, Stella et al. (2011) have modelled ozone de-
position into crop throughout the growing season by consid-
ering soil resistance and humidity dependent cuticular anc® Materials and methods
stomatal resistances with high degree of explanatory power
for three measurement sites. In turn Fares et al. (2010) ob2.1 Site and measurement station
serve that non-stomatal deposition into ponderosa pine forest
is the dominant process of ozone removal, likely due to theThe SMEAR Il (Station for Measuring Forest Ecosystem-
ecosystem’s release of VOCs that rapidly react with ozoneAtmosphere Relations) field measurement station is
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located in Hyytidla, Southern Finland @&’ N, 24°17 E, Inc., Lincoln, NE, USA) at 22 m height on the top of the scaf-
181 ma.s.l.). The station is located in the area coveredold flux tower.

mainly by pine-dominated forests, with the homogeneous

Scots pine stand, established in 1962, around the towe?.2.3 BVOC measurements

for about 200 m to all directions, extending to the North ]

about 1km. The dominant height of the stand near theConcentrations of VOCs were measured by PTR-MS (lon-
measurement tower was about 14—18 m from 2000 till 2010icon Analytic GmbH, Austria) from scaffolding tower at 4,
The forest was manually thinned between January and#4 22m during 2006-2009 (Taipale et al., 2008) and in 2010
March 2002 over an area of 4.3 ha around the measuremefffom 4.2, 8.4, 16.8, 33.6, 67 m at the 72 m tall tower. Air was
tower according to general commercial forest managemengentinuously sampled trough heated Teflon lines from each
procedures. During thinning about 26 % of the basal arePf the heights and measured in turn. The continuous online
(determined at the height of 1.3) was removed and theMeasurements were corrected _fpr the background measured
all-sided leaf area index (LAI) in the canopy of the thinned frpm purified air (Parker Hannifin Corp., Chrom.Gas Zero
areas dropped from 8 to 6 (Vesala et al., 2005). MoreAir Gen_erator) every second or third hour. The mstrument
detailed description of the station and the measurements caffas calibrated for monoterpenes every second weekavith

be found in Hari and Kulmala (2005). pinene in a gas standard (Apel-Riemer Environment, Inc.)
that was also the base for the estimation of the sesquiter-
2.2 Measurements penes.

221 Measurement of turbulent fluxes 2.2.4 Soil temperature and water content
Humus and soil temperatures were measured by silicon tem-

. . perature sensors (Phillips KTY81-110) at 2cm (humus) and
measured by means of the eddy covariance technique. Thﬁetween 5 and 25cm (mineral soil) depths. Soil volumetric

system, Ioca_ted at 23 m height above the gr_ound on the toQ\/&lter content was measured with time-domain reflectrome-
of a scaffolding tower, included an ultrasonic anemometer.

. . _~'try (TDR) by using Tektronix 1502 C cable radar (Tektronix
I(ESoI:anthisearch HStlhl9?r; Gill L.td('j’ Lylmnjtgton, Hampsth|re,| c., Redmond, USA) between 1998 and 2004 and from
ngian .) 0 measure the three wind velocity Components ang g nyards with TDR100 (Campbell Scientific Inc., Lo-
the sonic temperature, a closed-path infrared gas analys

(L1-6262, LiCor Inc., Lincoln, NE, USA) that measured the ‘an, UT) connected to a data logger (Campbell 21X, Camp-

c 480 trati d a fast hemil bell Scientific Ltd., Leics., UK) via multiplexers (SDMX50,
QZ and kb concenl ra 'OPS’tﬁn aftas respontset_c eTEDUZ'CampbeII Scientific Ltd., Leics., UK). TDR-probes consisted
minescence gas analyzer for the ozone concentration ( of two stainless steel rods (175 mm long, 5mm in diameter).

3 Ozone analyzer, Unisearch Associates Inc., Concord, onThe probes were connected with a coaxial cable (type RG 58)

tario, Canada). The caIibration. and 'mainte.nance proceduret% the multiplexers. 64 TDR probes were installed and they
of the G analyzer were described in detail by Keronen etwere distributed in different soil horizons of the 7 soil pits

al. (2003). The data were sampled at 21 Hz and a 2-D rota, i the soil adjacent to the weir. The TDR measurements
tion of somc_angmomete_r V\."nd components (McMillen etal., were done at hourly intervals throughout the year.

1998) and filtering to eliminate spikes were performed ac-

cording to standard methods (Vickers and Mahrt, 1997). The, 3 Methods of analysis

high-frequency flux attenuation was corrected by using em-

pirical transfer functions and co-spectral transfer characteris2. 3.1 Multi-layer modeling of stomatal deposition

tics (Keronen et al., 2003; Rannik et al., 2004; Mammarella

Turbulent fluxes of momentum, heat, g®,0 and Q were

etal., 2009). Multi-layer approach combining the turbulent exchange
model based on the K-theory and optimal stomatal conduc-
2.2.2 Radiation and humidity measurements tance model (Appendix A) combined with the radiation at-

tenuation model inside canopy (Appendix B) was used to

At SMEAR I, mean profiles of @ CO,, H,0, NO and NQ model the canopy stomatal exchange of carbon dioxide, wa-
concentrations, wind speed, air temperatdig &nd relative  ter vapour and ozone, similarly to Altimir et al. (2006). The
humidity (RH) were continuously measured at 4.2, 8.4, 16.8,intercellular concentration of water was assumed equal to the
33.6, 67 m ata 72 m tall tower and described elsewhere (Harsaturated water vapour concentration at leaf temperature, see
and Kulmala, 2005; Rannik et al., 2004). This main tower Appendix A, whereas for ozone was taken equal to zero.
was located ca. 35m west from the ozone scaffolding flux The calculation of the optimal stomatal model parameters
system tower. from canopy level carbon dioxide and water flux measure-

Global radiation Rg) was measured by Reeman TP 3 ments was done by least square minimisation of measured
pyranometers (Astrodata, Estonia) and photosynthetic phovs. modelled fluxes over two distinct time scales follow-
ton flux density (PAR) by LI-190SZ quantum sensor (LiCor ing the idea by Thum et al. (2007): photosynthetic capacity
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parametetr was obtained with weekly intervals and the cost The optimal stomatal model performs only during day-time,
of water for carbon assimilatiokiand the saturation param- however it can be applied to all humidity conditions.
eter of photosynthesig were obtained over entire growing Stomatal conductance applicable to water vapour was also
season of each year. Thus the numerical optimisation waiferred from the water vapour flux measurements under
performed for parameters for growing season with embed-dry conditions when transpiration is assumed to be the ma-
ded optimisation at weekly interval for. Variation in photo-  jor component in canopy level fluk. In this case, the bulk
synthetic capacity parameterwas supposed to incorporate canopy level conductance for water vapour is given by
other effects possibly affecting stomatal regulation, including E
the variation in leaf area during the course of growing seasorGLzo = M0l — TH01" (3
and also the thinning effect described in Sect. 2.1. In general, [H20lsat = [H20]
variation ofs andy during the growing season could occur in Where [HO] denotes the water vapour concentration in the
case of significant change of soil water availability. However, @f and [FO]sat the respective intercellular value, assumed
the episodic variation in plant's water use efficiency and/or€qual to the saturated water vapour content at needle temper-
saturation of photosynthesis at high irradiance values can bature (see Appendix A). The stomatal conductance inferred
included in variation of parameterwithout loss in predict-  from water vapour flux measurements can be converted to
ing ability of the optimal stomatal model. Thus the output of 0Zone stomatal conductance by using the ratio of molecular
optimisation was the yearly valuesofvarying from 0.0026  diffusivities, defined a{;gs = 5:30 GLZO, where Do, and
t0 0.0056 g C@ (g H,0) *in different years) angt (varying  py, o denote molecular diffusivities of ozone and water, re-
between 1865 and 2843 umotths™t) and weekly values of  spectively. Such a similarity for sources holds when evapora-
a (see Fig. 2 below for seasonal variation). tion from surfaces is negligible i.e., under dry conditions and
The stomatal conductance inferred from optimal modelyhen non-stomatal ozone uptake is marginal.
(Appendix A) was subsequently used to predict also 0zone The canopy level stomatal conductance values obtained
stomatal deposition by accounting for difference in molecu-from water fluxes are applicable only when the foliage sur-
lar diffusivity. face is dry. In the current study, the canopy level stomatal
conductance obtained from water querLgo) was used to

infer the stomatal conductance when RH <70 %. Ui%o

also neglects the soil evaporation, which is expected to be
small. However, the stomatal and non-stomatal conductances
as obtained from the optimal stomatal model were analysed
throughout the growing season in day-time and for all hu-
midity conditions.

2.3.2 Bulk canopy conductances

Total turbulent flux consisting of stomatal and non-stomatal
deposition components, = FS+ FNS, defines the bulk con-
ductances at canopy top respectively as

G = GS+GNS, 1)
2.3.3 0Ozone chemical degradation modelling

where for the purpose of analysis in this paper the con-

ductances are defined with respect to concentrations at thEor ozone also chemical degradation in canopy air space was
canopy heightC(h) asG = —%. Thus the stomatal bulk considered due to reactions with sesquiterpenes, emitted by
conductance&NS is not purely the stomatal conductance but the forest canopy. The chemical degradation of ozone was as-
merges also the quasi-laminar leaf boundary layer transfeBumed to occur wittg-caryophyllene, being used as the sur-
pathway, which, under most conditions is less important infogate for sesquiterpenes. It is one of the most likely ozone

total transfer pathway and does not affect the interpretatiorsink candidates in canopy air space due to the relatively fast
of results. reaction rate with ozone. However, its significance in ozone

The non-stomatal deposition conductarGl® that we removal depends on the abundance of the sesquiterpenes in
consider in this study combines sinks with arbitrary loca- the air, which is related to the emission rates as well as to the
tion inside forest, i.e., scavenging acting inside canopy airturbulent transport time scale. The chemical reactions with
space (homogeneous chemical reactions) and/or removal &onoterpenes were not included in the model analysis due
foliage including also ground vegetation or soil surface (ho-to slow reactivity with ozone, instead an order of magnitude
mogeneous and hetereogeneous reactions). In practice tialysis of their potential role in ozone destruction is pre-
non-stomatal conductance was inferred from the total ozongented in Sect. 4.
conductance as the resid@@S = G — G5, where the stom- For g-caryophyllene temperature dependent emission was
atal conductance for ozone was calculated from the flux agirectly modelled according to Guenther (1993) and Hakola
the canopy topFo, (k) as obtained from the semi-empirical €t al. (2006), see Appendix C. Needle dry mass 0.54k§m

multi-layer model described in Appendices A as of ground surface area was assumed as in earlier studies for
the given site (llvesniemi and Liu, 2001; Rinne et al., 2007).
s _ Fos(h) 5 The emission factar was assumed to take two different val-
%= " Coy(h) (@) yes in scenario evaluations: 385 and 10 000 Mggw) h—1.
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2%00 2001 2002 2003 2004 52;53 2006 2007 2008 2009 2010 time observations as defined by>103.
Fig. 1. Ten years time series of@luxes(a) and concentration®).

Monthly medians (circles) and quartiles of daily average fluxes and

concentrations are presented.

The ozone uptake by forest canopy is expected to be a

function of canopy photosynthetic capaaitythrough stom-

The first value describes well the observations by Hakola etatal removal mechanism. The seasonal variability of canopy
al. (2006) performed at the same site and the second valughotosynthetic activity exhibits a continuous increase until
was chosen as significantly higher value for sensitivity test. approximately end of August. Following decline of the pho-

In order to solve concentration and flux profiles simulta- tosynthetic capacity is faster than increase (Fig. 2). The pa-
neously for ozone and-caryophyllene, an iterative method rameter accounts also for changes in LAl as the variation
was used over equally spaced vertical layers with the thickin leaf area was not directly included in the model. The pa-
ness 0.02 h all the way up to the atmospheric boundary layefameterr exhibits similar behaviour in all years. Differences
(ABL) height. For vertical integration a numerically stable occur mainly during the beginning and end of growing sea-
forward Eulerian scheme was combined with corrective Eu-sons and also in 2006, when the decline of the values during
lerian backward iteration at each level. The measured ozongeeks 30 to 34 indicates the impact of drought occurring at
concentration at the canopy top and zga@aryophyllene  that year.
flux assumption at the upper boundary of the simulation do- As parameter incorporates all possible variation mech-
main (all emitted quantity consumed by ozone chemistry in-anisms affecting photosynthetic capacity at canopy level, it
side model domain under steady-state conditions) were suserves as the useful parameter to determine different periods
perimposed as the boundary conditions. Since no SenSitinuring the growing season. Accordingly, the entire growing
ity of the results on the ABL height was observed from the season was divided into five sub-periods for the analysis be-
model runs the ABL height was set for simplicity to 300m. |ow including weeks 15-19, 20-24, 25-34, 35-39, 40-45.
The overall period between weeks 15-45 roughly coincides
with the thermal growing season. Period 15-19 would be
roughly the spring recovery, 20-24 cover the elongation pe-

The ozone fluxes used in the current study originate fromri(_)d' 25-39 cover _the thickenin_g, 40-45 is the autum_n_ de-
the period from August 2001 till December 2010 (Fig. 1). cline an_d prepa_ratlon for the_ winter dormancy. In_ addition,
In 2006 a longer measurement break occurred due to technP"€ Period outside the growing season was considered con-
cal malfunctioning of the @analyzer starting in December sisting of the Mo sub-periods from We(_eks lto14 gnd 4510
2005 and data from full 2006 were not available. The aver-22: and covering the whole thermal winter and winter dor-
age flux data coverage for the remaining period, excludingmancy' . s . . .

2006, was 66 %. The average fluxes as well as concentra- In addition to dividing data into sub-periods according to

tions exhibit clear seasonal variation with highest depositiont® 9rowing season as defined above, the following averag-

occurring in summer and lowest in winter seasons. It is im-Ng was u;ed in data analysis: dep(_a.nc.ience on the environ-
portant to note that the flux is driven by total Conductancemental variables was analysed by utilising half-hour average

(i.e., stomatal and non-stomatal) and ambient concentratiof2t@ and the analysis was limited to the peak of the grow-

of ozone. The ozone concentration has also seasonal and dP9 S€ason within weeks 25-34 to limit the interference with
urnal variation seasonal variation; for the purpose of inter-annual and sea-

sonal variability analysis diurnal (for multivariate analysis

3 Results
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12170 U. Rannik et al.: Ozone deposition into a boreal forest

x10° Weeks 15-19 g X 10° Weeks 20-24
7t (0)
o -6
w w
£ Es
(o] Q
o o
3 =
5 5
o o2
1
0
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Hour Hour
o X 10° Weeks 25-34 o X 10° Weeks 35-39
21 ©) 7 (@)
6 6
w w
Es Es
Q [0
24 2 4 /
8 S
[$) [$]
33 33
c N =
82 82 ’\\\
1 . 1
0 0
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Hour Hour
x10° Weeks 40-45 o X 10° Weeks 46-14
. (f) 7G03, rh<70%
T o
S 6 GOS’ rh<70%
£ £ ——— G5, the70%
£ Es Gog: <70%
(0] [0} 0,
e S 4 ——— Ggg h>70%
s s s .
§ é 3 GOS‘ rh>70%
5 5
(&) o 2
L T e
0 L L L L L L L 0 M%
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Hour Hour

Fig. 3. Diurnal variation of conductances during different seadafsveeks 15-19(b) weeks 20-24(c) weeks 25-34(d) weeks 35-39,

(e)weeks 40-45(f) weeks 46-52 and 1-14 for low and high RH conditiafig, denotes total ozone amig3 stomatal ozone conductances,
anng)3 ozone stomatal conductance as inferred from water (transpiration) conductance. Values are hourly averages from data for all years
during the given period, bars denote standard error.

purpose) and weekly averages (for graphical presentatio.1 Diurnal variation of ozone deposition
purposes) were used.

Results are analysed in terms of conductances as definegtomatal ozone deposition is expected to have significant di-
in Sect. 2.3.2. The presented results are differentiated bedrnal as well as seasonal variation. To separate these scales,
tween day-time (elevation angle of Sun>}1and night-time  diurnal variation of conductances was calculated for different
(elevation angle of Sun <) data. In addition, observations Seasons according to weekly intervals as defined previously.
corresponding to very low turbulence often characterized by Figure 3 presents the total,) and stomatalc(;gs asin-
large random flux errors were excluded and only 30 min pe-ferred from optimal stomatal model al:iz‘t{)3 as inferred from
riods withu, >0.1 m st have been used in this study. canopy level transpiration fluxes) conductance for different

seasons, classified according to low and high RH values. Fol-
lowing the analysis by Altimir et al. (2006), a threshold value

Atmos. Chem. Phys., 12, 121632182 2012 www.atmos-chem-phys.net/12/12165/2012/
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RH < 70% of stomatal deposition is reduced in early morning and late
' ' ' evening and accounts approximately for 50 % of the total de-
position. Corresponding variation in non-stomatal conduc-
tance exhibits higher absolute values in the morning and
evening hours and minimum around mid-day (not shown). It
is also evident that proportion into stomatal and non-stomatal
parts is systematically different during different stages along
the growing season and that the differences are amplified dur-
ing more humid conditions (RH > 70 %).
02 . . . . . . . . To further quantify the average deposition characteristics,
"0 3 6 9 12 15 18 21 24 day-time and night-time average deposition values were cal-
Hour culated (Table 1). Day-time total £0deposition increases
during the course of the growing season and is highest
when the photosynthetic capacity reaches peak values dur-
RH > 70% ing weeks 25-34. However, while the stomatal deposition
- s behaves in similar way, the non-stomatal fraction efde-
20-24 position increases through the growing season until its end.
25-34 Similar trend is observed under low (RH<70%) and high
:igiig (RH>709%) relative humidity conditions, but the total and
stomatal deposition rates are higher under high humidity.
From current data, the fraction of non-stomatal deposition
does not show any clear difference under low and high RH
during day-time.
At night Ggs is taken as the surrogate for the stomatal
02, 3 5 9 > 15 18 21 24 deposition. It is expected that ozone stomatal deposition is
Hour over-estimated b)G(T)3 due to water flux originating from

Fig. 4. Diurnal variation of the ratio of the average stomatal and to- ground vegetation and soil, being not eIiminated;@s. This
tal ozone conductances for RH < 70(% and RH >70%b). Bars is supported also by the day-time observations, WG%-Q

denote standard error. systematically exceecﬁg3 average values. Nevertheless, al-
though the absolute value of night-time non-stomatal depo-

of 70% for RH was chosen to separate conditions with Sig_sition cannot be reliab_ly guantified, the in(_:reasing trend pf
nificant impact of surface moisture on ozone deposition. Alson°N-stomatal @ deposition along the growing season until
it was tested that the conductancg8, as andG ;. where in the peak period is also clear at night (under low RH).

3

very good correspondence at RH limiting interval from 65 to . : _
70 % (not shown here) for all periods except the spring recov-?"2 ©zone deposition during peak of growing season

ery period (weeks 15-19), when snow thawing presumably3 5 1 pay-time relation to environmental variables
has contributed to water fluxes and resulted in overestimation
by G, The ozone deposition evolves during the growing Environmental variables such as turbulence intensity, relative
season, being highest at mid-day and during the peak of thumidity and light intensity have been known to affect the
growing season period in weeks 25-34. Clearly the stomatagtomatal and non-stomatal deposition. It is also evident that
as well as the total ozone deposition is mainly driven by theseveral environmental variables are intercorrelated. Friction
course of stomatal opening during the day. However, the total,elocity did not affect the stomatal and non-stomatal depo-
O3 deposition exceeded that of stomatal significantly. Alsosition in a systematic way (not shown). Furthermore, varia-
the conductances under low relative humidity were smallertion of total and non-stomatal conductance as a function of
than under high relative humidity conditions. relative humidity (RH), temperature and photosynthetically
Outside the growing season, starting from week 46 untilactive radiation (PAR) was studied below. To avoid the influ-
week 14, no clear diurnal variation occurs. Also here RH is aence of development of canopy photosynthetic capacity and
variable enabling to separate higher and lowgdéposition  other possible effects on deposition during the evolution in
values. growing season, only data from the peak growing season pe-
It is of further interest how the ozone conductance parti-riod (weeks 25-34) are presented. Similar analysis was per-
tions into stomatal and non-stomatal parts during day-timeformed also for other periods (spring and autumn), but the
when values from the optimal stomatal model are availableresults did not differ qualitatively.
(Fig. 4). At mid-day the stomatal deposition accounts for
highest fraction of @ deposition up to 80%. The fraction

0.8f

S
GOS/GO3
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0.8f

S
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Table 1. Average values of ozone conductances (rﬁﬂﬁ)sas classified according to the relative humidity, time of day and season. The
non-stomatal conductance is given as a fraction (%) of the total conductance. W denotes week, RH relative Iiyyidity, total G
conductance, an(ff%3 and G-(gs the stomatal conductances as inferred from the optimal stomatal model and the canopy level transpiration
fluxes, respectively.

\ Day \ Night | All hours
Period Conduct| RH<70% RH>70% AlIRH| RH<70% AlRH | AllRH

W15-19 Gj, 2.10 0.22
G3, 1.54 2.04 172
Go, 2.17 2.60 234 | 038 074 | 160
% GNS 29% 22% 26% | 42%

W20-24 Gj, 2.85 0.26
G3, 2.48 3.14 2.68
Go, 3.54 4.32 3.80 | 056 128 | 296
% GNS 30% 27% 29% | 54%

W25-34 Gj, 3.27 0.19
G3, 3.16 3.96 3.47
Go, 4.91 6.20 543 |  0.69 1.99 | 417
% GNS 36% 36 % 36% | 73%

W35-39 Gj, 3.42 0.22
G3, 3.10 3.37 3.21
Go, 4.82 5.65 536 | 0.90 262 | 407
% GNS 36% 40% 40% | 76%

W40-45 Gf, 2.60 0.61
G2, 2.12 2.40 2.37
Go, 3.45 4.34 4.20 131 240 | 3.00
% GNS 38% 45% 44% | 54%

W 46-14 Go, | 040 1.38 1.20 | 026 096 | 1.11

Relative humidity had a positive average impact on total as3.2.2  Night-time deposition
well as on non-stomatal £deposition. Figure 5a classifies
conductance dependencies also according to the awtempeThe conductance inferred from water flux measurements
ature which enables to conclude that temperature itself doe§ 5, Was used as a surrogate to estimate stomatal deposition
not have major impact on studied conductances or cannot bat night during dry periods only. The temperature has minor
revealed due to the intercorrelation of environmental vari-relation to total @ deposition, also the impact is minor to
ables. As evident from Fig. 5b, high PAR conditions favour non-stomatal deposition at low RH as determined fiGf)

Os total deposition, but does not affect the non-stomatal part(Fig. 7a).

The solar radiation can affect canopy @eposition by Clearest driver for night-time total ozone deposition is
several indirect mechanisms. First, stomatal opening andRH, the impact from RH 40 to 100 % being almost ten-fold
conductance is a function of PAR. Also, abundance of many(Fig. 7b). Note that this was obtained for the peak of the
chemical compounds relevant t ©hemistry has been re- growing season period weeks 25-34 and was quantitatively
lated to PAR levels inside canopy (Gao et al., 1993; Guendifferent in other periods (not shown). Evidently the night-
ther, 1997). According to Fig. 6, PAR has significant impact time Oz deposition is much more affected by humidity con-
on total G deposition but the non-stomatal component is notditions and total @ conductance under close to saturating
affected on the average. As observed earlier, RH classificaconditions can be almost as high as day-time conductance
tion impacts also total ozone deposition. However, Fig. 6a in-when majority of @ deposits through stomatal pathway. Re-
dicates that classification into low and high RH has little im- garding seasonal variation, the night-time @eposition in-
pact on non-stomatal deposition apart from low PAR values creases throughout the growing season and peaks prior to the
where more than two-fold difference occurs on the average.€end of the period (Table 1).
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Fig. 5. Day-time (elevation angle of sun>%)0ozone conductance as a function of RH during weeks 25-34Cnd 750 umol més1
were used as the values to separate high and low tempe(ajumed PAR(b) conditions. Medians of 30 min average observations together
with quartiles are presented.
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Fig. 6. Day-time (elevation angle of sun >%)0ozone conductance as a function of PAR during the peak of the growing season weeks 25-34.
70 % and 15C were used as the values to separate high and low relative hurtajliiynd temperaturéd) conditions. Medians of 30 min
average observations together with quartiles are presented.

3.3 Seasonal and inter-annual variation

average over all years and for four selected years. Further-
more, a multi-variate analysis was performed to investigate

A clear seasonal trend was observed ign total and non-  which of the several parameters measured at the site are able
stomatal conductances. It is also evident from Fig. 2 thatto explain the variance in§xonductance. Six environmental
canopy photosynthetic capacity exhibits the inter-annualvariables (air temperaturEy, vapor pressure deficit VPD,
variability. The biggest differences between years occur durPAR, friction velocity u,, soil temperatureélseii, and volu-
ing the beginning and end of the growing seasons but alsanetric soil water conterst), the photosynthetic capacity vari-
during the other periods due to specific weather conditionsablex and three ambient air concentrations relevanti@io
or yet unidentified reasons. This section focuses on the dayehemistry (NQ, monoterpenes, and sesquiterpenes) were se-
time average @conductances in terms of seasonal and inter-lected. First, the partial least squares (PLS) and stepwise re-
annual variation and to what extent environmental variablesgression techniques were applied in order to estimate statis-
explain the variation. The analysis is limited to the growing tical relationships between the environmental variables (plus
season (weeks 15-45) only. «) and the ozone conductance values over the nine years of
Weekly mean values of day-time ozone conductanceglata. Concurrent data of conductances and VOC concentra-
throughout growing seasons are presented in Fig. 8a as thions were available for 4yr between 2007 and 2010, and
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Fig. 7. Dependence of conductance on temperafayeand RH(b) at night (elevation angle of Sun €Dduring the peak of the growing
season weeks 25—-34. Medians of 30 min average observations together with quartiles are presented.

for this period the full vector of ten explaining variables was x10°
used in the multivariate analysis.

The multivariate analysis results are presented in Table 2.
The analysis revealed that VPD, PAR and monoterpene
concentrations were identified as significant variables in ex- _
plaining Go,. Since the regression was performed on centred F'g
and scaled (with standard deviation) variables, the magnitude =, 4
of coefficients describes the contribution of each variable to ©
the variation of conductance. Therefore the photosynthetic 2
capacity and water vapour pressure were the variables ex:
plaining the biggest fraction of variability. Furthermore, the
PLC regression model was used to predigt, on weekly av- 10 15 20 25 30 35 20 25
erage basis (the explained variance Ww&s= 0.85), Fig. 8b.

For comparison, on daily average basis the explained vari-

ance wask? = 0.79. Comparison of the measurements and «10°

predictions enables to conclude that (i) the environmental
variables that have been included in the present analysis wert
able to predict to large extent the observed variability during —~
the course of the year, i.e., the seasonal variation with 98 % ¢ ©f
of the variance being explained but (ii) failed to explain pat-
tern in inter-annual differences (only 8 % of the respective
variance explained) such as elevategd, during the weeks
33-35 in 2005, systematically lowé&fo, during the weeks
35-39in 2008 (Fig. 8a).

Figure 9 presents the non-stomatal conductance compo. 0
nent similarly to Fig. 8. Estimation of the non-stomatal con- 10 15 20 25 30 35 20 25
ductance is less accurate due to accumulation of errors whet. Weeks

difference is calculated. The multivariate analysis results pre-

. - . ig. 8. Weekly average total §conductance for day-time condi-
sented in Table 2 indicated that air temperature, VPD anc{?ons (elevation angle of sun >3as observed) and predicted by

monoterpene concentration were the significant environmenusing the partial least squares technigle
tal variables explaining the variation kﬁgss (however, the

coefficient of determination wak? = 0.46 andR? = 0.38

on weekly and daily average data, respectively). On weekly The soil surface temperature was the only variable with

basis the model explained 94 % of the seasonal variation ircontradicting results from the multivariate analysisagf

G('\)'3S but failed to explain almost any inter-annual variability. based on two different periods and explaining variable vec-
tors. It was identified as significant variable being positively
correlated withG(’\f in regression performed for the period

8} (a)

[e2]
T

Average
— 2002
2005
— 2007
ot ——2008
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Table 2. Multivariate regression coefficients and statistics relating daily average environmental variables and concentrations to ¢he total O
day-time conductance (upper table) and the non-stomajalay-time conductance (lower table). PLC refers to the Partial Least Squares
method of multivariate analysis. The models were applied to dimensionless data by performing centering and scaling with standard deviation
of the time series. The photosynthetic capacity variabkir temperatur@y;,, vapor pressure deficit VPD, photosynthetically active radiation

PAR, friction velocityu., soil temperaturdlggjj, volumetric soil water contert, and ambient air concentrations of NAOnonoterpenes
(MONOT) and sesquiterpenes (SESQUIT) were used as explaining variables. The status “In” denotes variables that we included in the final
model by the Stepwise regression method. Bold lines denote significant explaining variables.

Total O3 conductance

‘ 2001-2010 (excl. 2006) ‘ 2007-2010

\ PLC | Stepwise regression | PLC | Stepwise regression
Variable | coefficient | coefficient Std error ~ Statu coefficient | coefficient ~Std error ~ Status
a \ 0.57 | 060 004  “In" | 0.99 | 074 012  “In’
Tair 0.30 0.31 0.04 “In” -0.21 -0.23 0.38 “Out”
VPD —-0.51 —0.50 0.04 “In” —0.63 -0.75 0.20 “In”
PAR 0.12 0.12 0.03 “In” 0.48 0.35 0.19 “In”
Uy 0.00 0.00 0.02 “Out” 0.13 0.04 0.11 “Out”
Tsoil 0.27 0.24 0.05 “In” —-0.34 —-0.44 0.28 “Out”
0 0.01 0.01 0.02 “Out” -0.20 -0.10 0.14 “Out”
NOy 0.10 0.09 0.12 “Out”
MONOT 0.38 0.25 0.11 “In”
SESQUIT —0.12 ~013 011  “Out’
Non-stomatal @ conductance

‘ 2001-2010 (excl. 2006) ‘ 2007-2010

\ PLC | Stepwise regression | PLC | Stepwise regression
Variable | coefficient | coefficient Std error ~ Statu$ coefficient | coefficient ~Std error ~ Status
o —-0.04 —-0.04 0.07 “Out” 0.45 0.34 0.29 “Out”
Tair 0.42 0.37 0.08 “In” 0.30 1.19 0.55 “In”
VPD -0.23 -0.20 0.07 “In” -0.34 -0.82 0.36 “In”
PAR —-0.20 —-0.19 0.05 “In” 0.10 -0.02 0.25 “Out”
U 0.00 0.00 0.03 “Out” 0.20 0.11 0.13 “Out”
Tsoil 0.38 038 006  “In” —0.81 —081 038 ‘I
0 —0.05 —0.05 0.03 “Out” -0.51 —0.56 0.19 “In”
NOy —0.06 -0.10 0.15 “Out”
MONOT 0.59 0.42 0.14 “In”
SESQUIT -0.17 -0.16 0.14 “Out”

2001-2010, whereas the coefficient was negative for the pedependent canopy emission at temperature0igure 10
riod 2007—-2010. It is obvious that environmental variablespresents the simulation results for vertical profiles of con-
are cross-correlated and adding explaining variables can afeentrations of @ andg-caryophyllene by using the emission
fect the regression output for other variables, this can explairpotential 385 ngg*(dw) h—1. It is obvious that the concen-
the apparent contradiction in the statistical result of the soiltration of O; decreases towards the soil surface due (0 O

temperature impact ongleposition. canopy stomatal sink as well as chemical sink due to reac-
tion with g-caryophyllene. Similarly, the ©flux decreases
3.4 Air chemistry impact on ozone deposition towards surface. It is noteworthy that fog @he vertical di-

vergence of the turbulent flux, which occurs due to all pos-

Simulations to estimate the role of BVOC-s as non-stomatals'b.Ie Qs sources and S'nks inside canopy, .cannot be d'?““'
sinks were performed by employing the numerical turbulentguIShed from stomat.al sink tgrm. This mphe:s that chermcal
and stomatal exchange model described in Appendix A tode_gradatlon plays minor role ing@emoval inside canopy in
C. As a case study, chemical degradation of ozone W4th this case study.

caryophyllene was assumed originating from the temperature
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(1 10° of approximately 7 pggt(dw) h1 at 20°C. Alternatively,
' ' ' ' ' ' the following simple order of magnitude estimation can be
. @ e ] done. Assuming that approximately 50% of BVOC-s re-
2005 acts with ozone below the EC measurement level and ozone

—— 2007 flux is 0.4 pgm2s~1, the emission rate of 0.34 ugrhs—1
(1200 ugn?h~—1) would consume 10% of ozone below
the EC level. This corresponds to VOC emission approxi-
mately 2.3 ug g'(dw) h~1. These emission estimates are far
too high according to known emission studies (Hakola et al.,
2006). Thus air chemistry of the given BVOC is not expected
. . . . . . to contribute significantly to ozone deposition sink at our bo-
10 15 20 25 30 35 40 45 real forest site.

NS -1
G03 (ms™)
N

oD

x10° 4 Discussion and conclusions

4 © | The results show that thesQday-time total and stomatal
conductance evolved throughout the growing season being
3r 1 the highest during the peak of the growing season. The
non-stomatal fraction of conductance increased and achieved
maximum in the end of the growing season (Table 1). The
total day-time @Q deposition was higher at high RH com-
X pared to lower RH values, but the fraction of non-stomatal
o 1 deposition was conserved. At night the total @nductance
. . . . . . increased also along the growing season, being the highest
10 15 20 25 30 35 40 45 during the peak growing season. Outside growing season the
Weeks Oz conductance was much lower compared to growing sea-
Fig. 9. Weekly average non-stomatag@onductance for day-time ~ SOn values.
conditions (Solar elevation angle >%)0as observeda) and pre- The non-stomatal conductance comprised from 25 to 45 %
dicted by using the partial least squares technigpe of the total conductance during day-time, the fraction being
fairly independent of RH. Altimir et al. (2006) estimated for
the same site from EC measurements based on 2002 and
B-caryophyllene instead is emitted by canopy foliage and2003 data that non-stomatal conductance contributed 25 to
therefore maximum concentration is located within canopy.42 % of the total conductance under dry conditions and 59
The vertical turbulent flux ofg-caryophyllene is upwards to 65% under wet conditions (dry conditions were defined
from the source maximum and also downwards (negativeas RH <70 %, in addition excluding rainfalls and the poste-
flux below 10 m) due to the consumption@fcaryophyllene  rior 12 h for the occurrence of RH > 70 %). However, Altimir
by reaction with ozone close to surface. It should be notedet al. (2006) used also night-time values in their analysis,
that the vertical flux divergence and canopy emission termsvhich explains the higher fraction of non-stomatal deposi-
differ due to the additional chemical sink inside the canopy. tion in their results under humid conditions.
About 40% of emitteds-caryophyllene escaped from The study addressed also the dependencesodddduc-
the canopy, whereas the non-stomatal ozone sink was esances on environmental variables. Dependence of day-time
timated to be only from few tenths to few per cents de-total and non-stomatal conductance on RH was observed.
pending on the assumption of emission strength. In cas@he total @ conductance depends obviously also on PAR
of the emission potential 10 pgé(dw)h~1 the chemi- through the stomatal component, but non-stomatal term re-
cal ozone sink inside the canopy comprised about 2 %yvealed independence on PAR. At night high sensitivity of to-
The simulation ignored diffusion path in laminar bound- tal Oz conductance on RH was observed.
ary layer around needles. Assuming that the fractiog-of Multivariate analysis was performed in order to relate sea-
caryophyllene reacting with ozone inside the canopy doessonal and inter-annual variation in day-time conductances
not depend on emission strength, the emission potential foto environmental variables and concentrations of the nitro-
B-caryophyllene corresponding to 10 % of ozone consump-gen oxides, monoterpenes and sesquiterpenes. The analy-
tion is 45 pg g(dw) h~1. Note that the emission potential sis revealed that during the growing seasqrivPD, PAR
defines the emission for temperature°8and at lower and monoterpene concentrations were significant variables
temperatures exponential decrease of emissions occur arid explainingGo, (coefficient of determinatio®? = 0.80).
the emission potential 45 pgg(dw) h—! implies emission  For the non-stomatal conductar@%sS air temperature, VPD

ms™)
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Fig. 10.Vertical profiles of modelled ozon€6,, panelb) andg-caryophyllene Cg-c, paneld) concentrations and vertical turbulent fluxes
(F), turbulent flux gradients (@/dz) and source (fop-caryophyllene the emission denoted £ or sink (for O3 stomatal sink denoted
by §) terms for(a) O3 and(c) B-caryophyllene. Temperature 2@ and emission potential 385 ng&dw) h~1 was assumedCo, (h) =
30ppb as the boundary condition for ozone concentration was applied; radiation above canopy was fgkea &80 umol nm2s1
and Iy p = 200 umol T2 s~2; following optimal stomatal model parameters were useek 0.0012ms ™, y = 2200 umolnT2s71, 1 =
4x 1073 gCO, (gH,0)~ 1. Atmospheric boundary layer height was set to 300 m.

and monoterpene concentration were the significant environthors concluded that£and isoprene profiles and fluxes were
mental variables (the coefficient of determination was onlyclose to non-reactive scenario, but the profiles and fluxes of
R?=0.38). It can be concluded that multivariate regressionNO, NO, and NG, were strongly affected by chemistry. The
model was able to predict similar variation with the observa-NOy emission fluxes at the site are very low. According to
tions during the course of the growing season but failed tomeasurements at site botlp® and NO are emitted from
explain the major inter-annual differences. It would be ex-the soil and N@ was deposited into the soil. During the
pected that the inter-annual differences would be controlleccampaign in the autumn 2011 measured NO-N emission was
by parameter(s) that respond on relatively long timescalesaround 0.01 kg N hal yr—1 and NG-N deposition was even
The parameters that operate at these timescales are e.g., ssihaller, which was challenging to quantify because of the
moisture status and phenology (described by the photosynsmall fluxes (Korhonen et al., 2012). The multivariate analy-
thetic capacity parameter of the optimal stomatal model). sis performed in current study did not identify N©@oncen-
Soil temperature is also a slowly varying parameter, but doegration as significant variable explainings@onductance in
not perform as a significant parameter in terms of explainingday-time.
power of ozone deposition. Currently we do not know why  Stroud et al. (2005) simulated the canopy photochemistry
the inter-annual variability in ozone deposition was poorly includinge,8-pinene ang-caryopyllene as the surrogate for
explained. It could be due to episodic events that are not dereactive sesquiterpenes. They reported a 30% escape effi-
scribed by the set of explaining variables used in our study. ciency for g8-caryophyllene and 90 % escape efficiency for
Multiple studies have addressed the role of nitrogen ox-«, S-pinene in a Loblolly pine forest for midday summertime
ides as potential chemical sink of ozone (Walton et al., 1997 conditions. Our simulation with simple chemistry including
Gao et al., 1993). However, while acknowledging the role of only O3 chemistry withg-caryopyllene predicted an escape
nitrogen chemistry in affecting ozone concentrations insideefficiency of about 40 %, being close to the results of Rinne
the ABL, the effect to ozone fluxes during the transport pathet al. (2012) and Stroud et al. (2005). Rinne et al. (2012) have
from above canopy to sinks located within canopy was foundused the Lagrangian Stochastic dispersion model, free of the
to be negligible. Gao et al. (1993) included also isoprene andimitations of the K-theory based approach used in our study.
its oxidation products in chemical reaction chain. The au-By performing more detailed chemical reaction simulations,
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Stroud et al. (2005) reported thgtcaryopyllene loss was known to have relatively slow reactivity with£@ompared to
dominated by @-kinetics, thus ourB-caryopyllene escape turbulent transport time inside canopy. Nevertheless, our sta-
efficiency should be a reasonable estimate. Similarly to outtistical result suggested a correlation between monoterpenes
conclusion, Stroud et al. (2005) found thag Qas phase and G non-stomatal sink inside canopy. However, this is in-
chemistry was not contributing significantly to canopy-scaledirect evidence and might imply role of some other com-
O3 loss, admitting that the result depended critically on as-pound which concentration correlates with monoterpenes.
sumed sesquiterpene emission rate. Another possibility is that a major part of the ozonolysis is

The emission potential g8-caryophyllene (the dominat- happening not in the canopy air but in another place, for ex-
ing sesquiterpene in Scots pine emissions at SMEAR Il)ample, much closer to the surfaces within the surface bound-
is varying at the site and is reported to range from 160ary layer of the needles.
to 380nggl(dw)h~1. The emission potentials for dom- The results clearly show the importance of several non-
inant monoterpene, 3-carene, have been reported to bstomatal removal mechanisms. Recentin situ chemistry mea-
4000 ng gt(dw) h~1 in early summer at its maximum, to- surements indicate that the coniferous canopy air space pos-
tal monoterpenes being represented by 5200 ¢dy) h—1 sesses a large, unknown sink for OH (N6lIscher et al., 2012).
(Tarvainen et al., 2005; Hakola et al., 2006). Thus, emissioriThe study suggested that complex yet unknown reactions
potential of monoterpenes is approximately an order of mag-between the biogenic terpenes or some secondary reaction
nitude larger than that of sesquiterpenes. However, the reproducts may explain the missing OH sink. Detailed models
action rates of3-caryophyllene and 3-carene with ozone are for O3z deposition are similarly suffering from the lack of de-
1.2x 10 and 4<10-17cm® molec 1 s71, respectively, dif-  tailed knowledge of participating compounds and we do not
fering by more than two orders of magnitude. Based on thisexpect that more complicated model calculations involving a
knowledge monoterpenes, as represented by dominant comvide range of reactive compounds would yield a better un-
pound 3-carene, cannot be a significant non-stomatal sink inderstanding of @ chemical non-stomatal sinks in canopy air
side canopy air space. This observation was also supportespace. Therefore more reliable quantification of compounds
by Rinne et al. (2012), who found that more than 90 % of participating in @ chemistry cannot be done in the present
monoterpene-pinene escaped canopy at night, with respec-analysis by modelling approach.
tive figure being close to 100 % during day-time. Thus our In summary, it was determined that day-time non-stomatal
current knowledge of monoterpene emissions does not supezone deposition was mainly explained by vapour pressure
port their significant role in ozone degradation inside canopydeficit (VPD), temperature, and monoterpene concentration.
air space. Recent findings have also emphasised the posditowever, known emissions of monoterpenes are not able
ble role of circadian control of the emissions of naturally to affect significantly ozone deposition in canopy air space.
produced hydrocarbons (Archibald, 2011). Nevertheless, th@ his is consistent with the result that friction velocity, affect-
earlier studies at SMEAR Il have confirmed the tempera-ing the turbulent transport time, did not exhibit a clear impact
ture dependence of those emissions (Hakola et al., 2006) anoh O3 non-stomatal deposition. Such dependence would be
there is no experimental evidence of circadian control mech-expected if turbulent transport time would be in the same or-
anism available. der as the chemical reaction time scale. Therefore, itis likely

The multivariate analysis did not reveal dependencepf O that other unknown chemical compounds or processes corre-
total and non-stomatal conductances on turbulence intensityating with the ozone deposition rates, including potentially
Turbulent transport time is directly related to turbulence in- reactions at the surfaces, are responsible for non-stomatal
tensity and the ratio of this time-scale to chemical reaction-sink term. However, their relative contributions were not pos-
rate time-scale should affect the non-stomatal depositionsible to quantify from canopy-level measurements. Also the
The result therefore does not support the role of chemicafact that the used set of variables did not explain the inter-
sinks in canopy air space ag@moval mechanism. Alter- annual variability of @ depositions suggests that some still
natively, the impact of the time scales could be statisticallyunknown mechanisms might be involved i @eposition
counted directly by relevant monoterpene or sesquiterpen@rocess.
concentrations.

The multivariate analysis performed to explain total and
non-stomatal @ conductance indicated independence on
measured sesquiterpene concentration but revealed signifAppendix A
cant correlation with monoterpene concentration. Our sim-
ulation of the impact of8-caryopyllene as the surrogate for Coupled turbulent and stomatal exchange multi-layer
sesquiterpenes on the chemical sink gfiside canopy sug- model for forest canopy
gested that the compound is not likely the BVOC performing
as significant @ sink inside canopy, in line with the result The conservation equation for average mixing ratio of a
of multivariate analysis. The compound was chosen becausscalarC inside canopy, assuming stationary and horizontally
of its relatively fast reaction rate withOMonoterpenes are homogeneous conditions along with the first-order closure

Atmos. Chem. Phys., 12, 121632182 2012 www.atmos-chem-phys.net/12/12165/2012/



U. Rannik et al.: Ozone deposition into a boreal forest 12179

applied to vertical turbulent flux, can be written as wherers presents foliage respiration. The foliage respiration
. was presented as
d aC _
o (—Dt(z) 8_z> +a(z) g (C—Ci)—Sa=0, (Al)  rf=rg237/10 (A7)

with rg being the respiration parameter a@hthe needle tem-

where g denotes conductancd); turbulent diffusivity, a perature irfC.
aII-sideq leaf area and; the intgrcellular value otC (fqr Turbulent diffusivity was parameterised accordindko=
Og the inter-cellular concentration was taken zer§y.is 742, wheretr and o, represent the Lagrangian turbulent
the source/sink term in canopy air space, being positive fotime scale and the standard deviation of vertical velocity, re-
source and negative for sink, and is applicable only for ozonespectively. Turbulent flux at heightis expressed as
and other quantities experiencing chemical degradation in _
canopy air space. Flz) = —DtE. )

In optimal theory of stomatal control the stomatal conduc- 0z

tancegs for carbon dioxide can be presented as The boundary conditiorC(z;) = C; was applied together

with the soil respiration flux assumption at soil surface
c (ground vegetation was presented as a layer close to surface)
s=o N DHZO ([H20]; — [H201) el RAKE (A2) for carbon dioxide. The lower boundary condition for water
2 2 vapour was obtained following consideration presented by
Parlange and Katul (1992), assuming proportionality of soil
evaporation to net radiation at soil surface, that was assumed
to be fraction of global radiation at soil surface. The pro-
portionality was scaled such that the modelled soil evapora-
tion together with transpiration from ground vegetation cor-
responded to observations at site (Launiainen et al., 2005).

whereq is the parameter of photosynthetic capacitis the
cost of transpirationjH2QO] the water vapour concentration
in the air, “i” denoting the intercellular value, anf{7) the
function describing saturation of photosynthesis with radia-
tion by making use of light saturation paramegter

I The soil evaporation was limited by the soil water content
fi= m (A3) and temperature according to
Due to radiative heating and cooling the effective tempera-LEq = Ry 1. 2619%, (A9)
+

ture of canopy foliage does not equal that of air temperature.
To account for this effect in calculation of the intercellular where Ry is the net radiationA = 95 is the temperature

aT
water contenfH,O]; (assumed to be the saturated water con-derivative of the saturated vapour pressure @&hds the

tent at needle temperature), the effective canopy foliage tempsycrometric constant? was parameterised according to

perature was calculated from Bartlett et al. (2003)
H 9 2
Teff = Ty + — (Rp+ Ra), (Ad)  p=025(1—cos|m— )] . (A10)
pCp 0s

whereT; is the temperature at reference heiglitis the sen-  where# is the volumetric soil water content ardd is the

sible heat flux measured by the eddy covariancé¢he air  value at field capacity.

density,c,, the heat capacity of air at constant pressure and For ozone the soil surface flux was assumed to be zero and

R, the aerodynamic resistance as defined by Eq. (A12). Théherefore the modelled ozone deposition represented fully

bulk canopy laminar boundary layer resistafggwas in-  stomatal deposition.

ferred from multi-layer modelling by replacing the conduc-  For estimation of the deposition velocity at canopy top a

tanceg with laminar boundary layer conductance numerical integration over canopy layers was performed with
vertical profiles ofr andai parameterised according to Lau-

gb = [ W (2) (Z_VSC2/3)} 7 (A5)  Nianen etal. (2007).
d

Deposition velocity at the measurement heighis given

b
whereu'w’(z) is the momentum flux at level, & (= 1/3) Y
is the ratio of viscous to total drag (Slinn, 1985) #haithe V(z) =

I (A11)
Schmidt number. v
For carbon dioxide assimilation the net exchange rate be-
comes with the aerodynamic resistan®g estimated as
ol Uzr) — U (h)
— = a f(I) (gsC+ri Ry= ——F——i——. Al2
g (C-Ci)= (& ) — 1, (A6) 2 u2 (A12)

gsta f)
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p = eXp(—KpLcP/Sin(hg)) (B1) Edited by: P. Artaxo

denoting the attenuation coefficient for direct beam radiation
(extinction coefficientk, = 0.7, clumping factorP = 0.83,

L¢ being the cumulative projected leaf area above level anqAItimir, N., Tuovinen, J.-P., Vesala, T., Kulmala, M., and Hari, P.:
hg the solar elevation angle). The solar irradiance at sun-
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