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Abstract. Night-time ozone deposition for a Scots pine for- Other studies emphasize the role of gas-phase chemical reac-
est in Southern Finland was studied at the SMEAR Il mea-tions on ozone deposition (Goldstein et al., 2004; Holzinger
surement station by evaluating the turbulent eddy covariancet al., 2006). Ozone deposition has been studied by differ-
(EC), storage change and vertical advection fluxes. Simi-ent methods, by canopy level micrometeorological as well as
larly to night-time carbon dioxide flux, the eddy-covariance by shoot level measurements. The findings so far indicate
flux of ozone was decreasing with turbulence intensity (fric- that ozone deposition is affected by humidity conditions of
tion velocity), and storage change of the compound did notsurfaces (Lamaud et al., 2002; Altimir et al., 2006).
compensate the reduction (well-known night-time measure- The ozone deposition studies by micrometeorological
ment problem). Accounting for vertical advection resulted methods at night-time conditions are further complicated by
in invariance of ozone deposition rate on turbulence intenprevailing low-turbulence, stable conditions. The night-time
sity. This was also demonstrated for carbon dioxide, verifiedobservations of carbon dioxide exchange, for example, are
by independent measurements of NEE by chamber systemfequently questioned under such conditions and empirical
The result highlights the importance of advection when con-relationships are used for gap-filling of those periods (e.g.,
sidering the exchange measurements of any scalar. AnalyGu et al., 2005). The reason for flux underestimation at night
sis of aerodynamic and laminar boundary layer resistances that turbulent exchange is limited under low turbulence
by the model approach indicated that the surface resistanceonditions and advective transport becomes important. Most
and/or chemical sink strength was limiting ozone deposition.frequently the role of the vertical advection term is evaluated
The possible aerial ozone sink by known fast chemical reacin total ecosystem exchange expression under the assumption
tions with sesquiterpenes and NO explain only a minor frac-that horizontal advection can be ignored (e.g., Paw U, 2000;
tion of ozone sink. Thus the deposition is controlled eitherMammarella et al., 2007). A few studies have made effort
by stomatal uptake or surface reactions or both of them, thén evaluation of the horizontal advection term, but because
mechanisms not affected by turbulence intensity. Thereforeof spatial variability the uncertainty of this term is found to
invariance of deposition flux on turbulence intensity is ex- be in the same order as total ecosystem exchange (Aubinet
pected also from resistance and chemical sink analysis. et al., 2005). These studies, however, are focused only on
carbon dioxide and not on any other compound.

The current paper studies ozone deposition primarily at
1 Introduction night. Different terms in the scalar conservation equation are

evaluated for dependence on turbulence intensity, focusing

Ozone deposition into forest canopies and sink mechanismen the role of vertical advection. The vertical advection term
at night are not well understood. In several studies it is ashas been used to explain night-time carbon dioxide observa-
sumed that stomatal deposition of ozone at night is negligibldions, but no earlier studies on ozone exist to our knowledge.
and surface reactions are responsible for ozone removal from
air (Mikkelsen et al., 2004).
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2 Materials and methods The flux storage term was estimated from 4 levels (up to

33.6 m) according to
2.1 Site and measurement station

ir
ac
The SMEAR Il (Station for Measuring Forest Ecosystem- Fsr = f Edz, (1)
Atmosphere Relations) field measurement station is lo- 0

cated in Hyytala, Southern Finland (651 N, 24°17 E, h ‘ b ion level (23.3 d
181 ma.s.l.). The station is located in the area covered"€r€zr reters t(_) 0 servat|0n_ evel (23.3m) an _enotes
molar mixing ratio of scalar with respect to dry air and the

mainly by pine-dominated forests, with the homogeneous

Scots pine stand, established in 1962, around the tower fc)?verbar denotes averaging over the turbulent record (30 min).

about 200 m to all directions, extending to the North aboutThis integral was numerigally evaluated using the trapezoidal
1km. The dominant height of the stand near the measureEUIe' A linear |r_1terpolat|0n _b(_atween_ 33.6 and 16.8m was
ment tower is about 14 m, and the total (all-sided) needleassumed to _est|mate the mixing ratiozat _The values at
area is about 6 AM—2. About 700 m to the Southwest from z=0 was estimated by a linear extrapolation of the 4.2 and
the measurement tower there is an oblong lake (about 200 |ﬁ'4 m measurements to the surface.
wide) perpendicular to the S-W direction. The measurement2 S ; .

I ; : o 2.4 Estimation of vertical advection term
station is described in detail in Vesala et al. (1998) and Hari

and Kulmala (2005). The vertical advection term of the scalar conservation expres-
2.2 Eddy covariance measurements ston'is dzefmed as
Ozone fluxes were measured by the eddy covariancdy, = / w%dz. (2)
(EC) technique. The system included a Solent ultrasonic dz
anemometer (Solent Research HS1199, Gill Instruments Ltd ] o . .
Lymington, Hampshire, England) and a fast response chemi[t requires estimation of average vertical wlnd speed as a
luminescence gas analyzer for ozone (LOZ-3 Ozone anafunction o'fhelglht, byt frequently an assumption of linear de-
lyzer, Unisearch Associates Inc., Concord, Ontario, Canada)c"€@se with height is made (e.g., Lee, 1998) and then only
The response time of the analyzer is 0.5s according to thdhe average vertical wind speed at the measurement level is
manufacturer. Further details of the ozone flux measuremerif€eded. The evaluation of the vertical advection term is most
system, its performance and applied corrections to obtain th§€nsitive to the average vertical wind speed. In current study,
turbulent flux of ozone molar mixing ratio can be found in the Planar Fit Method (Wilczak et al., 2001) was applied ac-
Keronen et al. (2003). cording to relationship

The measurements were performed at about 23 m heightg; _ bo + bafi + bov, ©)
roughly 10 m above the forest canopy. The turbulent fluxes
were calculated as 30 min average co-variances between thghereu andv are defined in a non-rotated co-ordinate sys-
scalars (or horizontal wind speed) and vertical wind speedem.
according to commonly accepted procedures (Aubinet et al., The planar fit flow planes were determined on monthly
2000). The high-frequency flux attenuation has been earbasis via minimising root-mean-square deviation using the
lier studied for the measurement setup used in current studfollowing criteria: regression was made for wind direction
(Keronen et al., 2003; Rannik et al., 2004), which enabled tosectors (20 degrees) for cases with wind velocities less than
recover flux attenuation by using empirical transfer functions5m st
and co-spectral transfer characteristics.

2.3 Estimation of storage change 3 Results and discussion

The profiles of @ molar mixing ratio were obtained via six 1he sum of the different flux terms equals the total
sample lines equal in length from levels of 4.2m, 8.4m, source/sink strength below the observation level

16.8m, 33.6 m, 50.4 m and 67_.2m mthe_ measurementtowerFEC 4 Fsp+ Fya+ Fya =S, + S, . (4)
The set-up for measuring profiles was similar to that used for

measuring C@-profiles (Rannik et al., 2004). Ozone molar separated here for canopy and soil surfa;¢ &4nd airborne
mixing ratio with respect to moist air was measured with anchemical §,) terms, wheref'g¢ is the eddy covariance and
ultraviolet light absorption gas analyzer (TEI 49C Ozone an-Fy 4 the horizontal advection terms of molar mixing ratio.
alyzer, Thermo Fisher Scientific, Inc., Waltham, MA, USA), The total of source/sink terms equals to exchange rate by
with the sample flow rate of 2 I mirt through the analyzer. the sources and sinks of a scalar inside the control volume
Simultaneous water vapour mixing ratios were used to obtair(over a unit surface area bounded from top by the EC mea-
the mixing ratio with respect to dry air. surement level). The surface deposition of oz8neonsists
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Fig. 1. Diurnal average of different ozone flux terms separatgly = Fig. 2. Friction velocity dependence of different night-time ozone
and as sumf). Frc denotes the eddy covariandg;r the storage  flux terms separatelfa) and as sumgb). Night-time was defined
andFy 4 the vertical advection terms. Period from 10 June 2004 toaccording to local time/elevation of Sun. Error bars denote standard
30 July 2004 was used. Error bars denote standard errors for hourlgrror values for 0.1 ms! bins for friction velocity.

time intervals.

in turn of stomatal and surface depositions, which involvesrandom errors can pe occasionallymuch I.arger (Rannikgt al,
surface chemical reactions. The contributions of these tw: 004). 'I"h|.s IS partlpularly true for condlt!0n§ characterised
surface deposition mechanisms are not separated here a %Iow fnch_on velocity. Therefore, averaging Is necessary o
the sink termS, will include only chemical reactions in air. observe evidences of systematic behawou_r n measurements.
The horizontal advection term was neglected in the currenf:Igure la presents E(jCZZj;toraﬁ;efand ver::cal gdvec_tlon ﬂlfx
study since no measurements for the determination of thié_:l_cr’]mp;gilnts aver;]age |urn? >r'] or O':]e ourdt|rr_1e mrt]er\(/ja.
term were available. However, significance of the horizontal e ux catches most' of the exchange during the day
advection term was evaluated for carbon dioxide as a resid‘:’md the storage t_e fm remains relat|ve_ly_small throughout the
ual by using complementary chamber measurements. Thugay' The advection term, being negligible at day, becomes

it is assumed thak; 4=O0. important after midnight. Figure 1b presents the sum of EC
Ozone flux measurements for a 2 months period, from 1Oand stor_age flulx as well as the sum of all three .components
June 2004 to 30 July 2004, were analysed. as possible est|mates.for total ozone flux. The difference be-
tween the two curves is close to zero at day and between 1 to
31 Ozone fluxes 2nmol m2s~1 at night.

With the purpose of night-time analysis, classification of
Depending on averaging time and observation conditionspbservation periods of 30 min duration was performed ac-
the flux estimates contain the random error component apeording to friction velocity values. Although friction veloc-
proximately 10 to 20%. In case of low wind speed or non- ity is not the only significant parameter for characterisation
stationarity of scalar mixing ratio and/or wind records, the of night-time observation conditions, it is one of the most
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forest floor CQ efflux, respiration of woody parts of the
trees, and respiration of foliage, each term being measured
by corresponding chamber systems (see Mammarella et al.,
2007). The independent estimate of NEE allowed evalua-
tion of the difference between NEE and other terms; the es-
timated remaining term includes everything not accounted
by the other terms, including the horizontal advection term.
However, on average the residual term is very close to zero.
When summed together, the EC, storage and vertical advec-
tion terms are very close to NEE and show invariance.of

2t - (Fig. 3b). The result is similar to night-time ozone fluxes,

‘ . ‘ ‘ . which behave similarly as a function of turbulence intensity
4 ] ] ] ] ] and allow to conclude that different flux terms account for
-1 the same relative fraction of total flux in case of both scalars.

CO, Flux (umol m?2s™)

The current study shows that the vertical advection term
FectFsm+Fya J— ' can account for significant fraction of total transport also for
EECE* Fst e other compounds and should be carefully considered when
81 I interpreting night-time observations. However, £@nd
ozone are not identical during night time conditions: €
emitted as part of the respiration process from soil as well as
from the canopy, ozone is deposited at night. The processes
are different regarding the stomatal control. The emission
rate can be virtually independent of stomatal opening due to
* | formation of molar mixing ratio gradient which drives the
’ flux. When uptake is in question, the same level of stomatal
‘ . ‘ . opening might mean virtually infinite stomatal resistance and
thus zero flux. Also there is a difference in chemical activity.
Many studies suggest that an important or even the main sink
of ozone is chemical reactions with biogenic volatile organic
Fig. 3. Friction velocity dependence of different night-time €0  compounds, emitted by the forest (Altimir et al., 2006; Gold-
flux terms separatelfa) and as sumgb). Night-time was defined  stein et al., 2004). In context of the current paper, it is useful
according to local time/elevation of Sun. Error bars denote stanto consider turbulent transport times and resistances, which
dard error values for 0.1 n7$ bins for friction velocity. The NEE  are relevant to ozone transport and/or chemical transforma-

denotes an independent estimate of respiration flux by chamber§on processes and depend on turbulence intensity.
(Mammarella et al., 2007). Res denotes residual obtained by sub-
tracting all other terms from NEE.

CO, Flux (umol m?2s™)

0 0.1 0.2 0.3 0.4 0.5 0.6
Us (M 5'1)

3.2 Resistances and turbulent transport time

important parameters and is frequently used as a criterion for
reliability of night-time CQ flux measurements (Aubinet et opserved night-time ozone dry deposition fluxes were about
al., 2000; Loescher et al., 2006). Figure 2a indicates that 4 nmolnmr2s-1. With the average observed ozone mix-
the average flux estimates show clearly a dependeneg.on g ratios this corresponds to local dry deposition velocity
However, the ozone flux becomes independent of friction ve-;py5,t 4 mm s, In the resistance framework, transport route
locity when vertical advection term is added (Fig. 2b). With- o the measurement level to the needle surface consists of
out vertical advection term the flux estm_1ate (i.e. the sum Ofaerodynamic and laminar boundary layer resistances. In a
the EC and storage terms) decreases with lawer deposition model for aerosol particles by Slinn (1982) these
This behaviour is very similar to what has been observedresistances were included by aerodynamic and canopy resis-
in numerous cases for night-time @@easurements (Stae- tances. Here we repeat the model for Brownian deposition
bler and Fitzjarrald, 2004; Marcolla et al., 2005; Vickers and regime since for very small particles transport through the
Mabhrt, 2006). Here we demonstrate it for the same time pedaminar boundary layer surrounding the collecting elements
riod: Fig. 3a shows different terms of the @@ux as a func-  is controlled by Brownian diffusion. The same process is re-
tion of friction velocity for night-time conditions. For carbon sponsible for gas molecule transport. The model is relevant
dioxide also independent estimates of NEE were available afor gases if the diffusion coefficient of particles is replaced
estimated by the chamber-based technique, which includefy the relevant molecular diffusivity.

Atmos. Chem. Phys., 9, 2082095 2009 www.atmos-chem-phys.net/9/2089/2009/
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The canopy resistance is expressed by

Uy 1 (1+J§tanh(yﬁ)

Table 1. Statistics for Lagrangian transport time (s) from average
) sink level (approximated by the average leaf area distribution) to

measurement level far,=1ms1. denotes quartiles and me-
(5)

P

w2 e\ Je+tanh(y Je) dian statistics. For scaling the stability lengththe forest height
H=14m was used.

where y is a coefficient of exponential decrease of wind

speed inside a canopy (1.9 for the pine forest in Hlgti LH™L Averagetime(s) Q25(s) Q50(s) Q75(s)

see Rannik et al., 2003b) andotal collection efficiency by

canopy elements, presented as +100 702 252 504 936
+10 81.8 27.5 56.4 108.7
e =C.Ep. (6)
+1 117.9 35.1 78.2 157.9
C.is a coIIec'uop efﬂcu?qcy factor determm_ed empirically for _10 59.6 214 427 79.9
the pine forest in Hyy#la asC,=2.9 (Rannik et al., 2003a).
Ep is the collection efficiency for Brownian diffusion, well -1 33.5 12.7 24.5 45.2

described by

Cy

Eg=—8c7?3, (7)

Cd . -
where wind speed at measurement helghand friction ve-

whereztis the ratio of viscous to total drag (taken to be 1/3 |ocity u, were obtained from measurements and wind speed

according to Slinn, 1982) and at canopy height/, was estimated based on similarity theory
n (Rannik et al., 2003a).

Sc = (8)

paD In addition to stomatal uptake the surface reactions and/or
reactions in the canopy air space can account for ozone de-
. he diffusi ffici h Bt - pletion (Altimir et al., 2006). The potential of chemical com-
ing the diffusion coefficient ang the dynamic viscosity.  ,,nqs for 0zone depletion in air depends on the chemical
The canopy resistance as presented by Eq. (7) represents i, o, time scale as well as available time for reactions,
sum of the aerodynamic resistance from the canopy 0P Qyhich is determined by turbulent transport time. Turbulent
the surface elements and the bulk boundary layer res's_tanc?ransport time denotes here the time that an air parcel spends
The surface resistance can represent the stomatal resistangg. being in contact with sources or sinks until travelling
and/or the resistance accounting for ozone reactions on thg, 11« flux measurement level. To estimate turbulent trans-
liquid films on the foliage surface. The resistancgandre 44 ime Lagrangian trajectory simulations were performed
are functions of friction velocity. However, if the resistance according to Rannik et al. (2003b). The simulations were

ry (or a chemical sink in the canopy alr.sp_ace) domlnates ncberformed with particle release from canopy with the prob-
dependence of ozone deposition on friction velocity shouldapjity distribution proportional to leaf area density and tra-

be observed. jectory calculation was performed until the first crossing of

The median values for res_:;tanogandr c fornight-time  5pcaryation level. Table 1 presents turbulent transport time
conditions were 22 and 25sm In terms of deposition rate ;4 +istics fom,=1ms L. The transport time is inversely pro-

these resistances together would allow deposition VeIOCItyportional to friction velocity and to obtain estimate for other

l - . - -
of about 20mms=. This is much higher than is observed y,lence conditions the values have to be rescaled with
and thus indicates that ozone deposition is actually I'm'tEdrespectiveu* values. Average transport times for low tur-

by surface resistance or chemical sink strength. The residg;jance (.=0.2ms1) night-time conditions and stability
ual resistance was estimated for each 30 min averaging perénge fromL H—1=+100 to +1 are from about 6 to 10 min.
riod and compared to the aerodynamic and laminar boundary,q e the Monin-Obukhov stability length was scaled with

layer resistances — on the average the residual resistance wgg, canopy height. The simulation results are consistent
approximately an order of magnitude larger (not shown). ity the value~1.5min, estimated as day-time residence

The deposition velocity is given by time in a canopy by Holzinger et al. (2005).

. 1 9 For a range friction velocities between 0.1 to 0.5Ths
T radre+rs ©) the estimated average turb_u.k.ant transport times can vary from
) about 20 to 2 min for stabilitie€ #~1 =+1 and +100, re-
wherer,, r. andr, are aerodynamic, canopy and surface re- g cfively. According to several studies chemical reactions
sistances, respectively. The aerodynamic resistance was esffig;qe canopy air space are probable candidates for ozone
mated as destruction (e.g., Holzinger et al., 2005). The chemical sinks
U= Uy with life-times of the same magnitude as turbulent trans-
fa = 2 port time could cause the ozone flux dependence on friction

*

the Schmidt numbery(, is the density of air) withD be-

(10)

u
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velocity. Emissions of such compounds, for example the The evaluation of possible chemical sinks also supported
sesquiterpenes reacting almost exclusively with ozone, havéhe idea that there is no deposition mechanism which could
been detected at the site with a clear seasonal pattern (Hakotiepend on turbulence. Turbulent transport time between
et al., 2006). The most abundant sesquiterpene observed ateasurement level and effective sink height was estimated
site is beta-caryophyllene. The reaction rate of this sesquiterto be from a few minutes to about 20 min under stable con-
pene with ozone is 1:210-*cm® molecule ' s (Shuand  ditions. This is time long enough to allow for partial chem-
Atkinson, 2004). With typical ozone mixing ratio observed ical depletion of ozone by compounds emitted from forest
at site around 30 nmol mot the first-order time-scale for during vertical transport. However, the ozone consumption
sesquiterpene destruction is around two minutes. To ouby known fast chemical reactions is insufficient to explain
knowledge there is no other volatile organic compounds withobserved deposition fluxes. Thus we expect that night-time
fast enough reaction time-scales to be able to cause signifiezone deposition is not controlled by turbulence and account-
cant sink of ozone within comparable time scales to turbulening for vertical advection in deposition estimation gives a
transport time. For example, the most abundant monotereonsistent result.

pene observed at the site alpha-pinene has a reaction rate Carbon dioxide exchange at night is most extensively stud-
constant 8.310~ 1 cm® molecule 1 s~1 (Atkinson, 1997), ied by micrometeorologists. The experience can be trans-
which corresponds to first-order chemical degradation timeferred also to other trace gas studies. In turn, the estimation

about 4.3 h. of advection terms for other scalars, including the chemi-
The Sesquiterpene emission rates for June 2004 has be@ﬁl”y reactive ones, would contribute also to understanding
estimated to be up to 40mgth monthr? (Bonn et al.,  Of night-time turbulent transfer of carbon dioxide. How-

2008). Under the assumption that all emitted sesquiterpene@ver, the night-time forest-atmosphere exchange of reactive
react below the observation level the corresponding ozon@nd non-reactive gases is different due to chemical sink in
consumption rate is up to 0.1 nmofths~1. This is far too  air below the observation level. The potential of chemical
small amount in comparison to ozone deposition rates. Anfeactions to produce/destroy the compound depends on the

other compound reacting with ozone is nitrogen oxide (NO),time scale of chemical reactions relative to average turbulent
which has a reaction rate constant with ozone for night-transport time between sources/sinks and observation level.

time conditions af =293 K 1.9x 1014 cm® molecule 1 s 1 Also, carbon dioxide is emitted and ozone deposits into for-
(Michael et al., 1981). This is equivalent to chemical life- est canopy at night. Under strongly stable conditions the
time in the order of 1 min. The nitrogen oxide (NO) emis- €mission of a substance leads to significant accumulation in-
sion at the site was estimated to be about 6 ng(K§hr?! side canopy, which results in large storage term but can lead
by Pilegaard et al. (2006). The corresponding ozone destrucdlso to large horizontal as well as vertical advection terms
tion rate would be about Td nmolm2s-1. Thisis also (terms being proportional to horizontal and vertical gradi-
negligible compared to the observed ozone deposition rategnts of concentration). On the contrary, ozone is deposited
Thus fast chemical reactions in the air can not be the mairinto forest canopy and under limited turbulent transport con-
ozone sink during night-time conditions implying that other ditions the ozone depletion leads to lower concentrations in-
processes are responsible for ozone removal. side canopy. However, the horizontal and vertical gradients
formed under such conditions can not be as large as for emit-
ted quantity and thus the conservation equation of ozone is

probably less affected by advection terms.
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