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Abstract. Within the projectEUropeanStudies onTrace  were from non-stomatal plant uptake and other processes that
gases andAtmosphericCHemistry as a contribution to could not be clearly identified.

L arge-scaldiosphere-atmosphere experimentimazonia Measurements, made simultaneously on a 22 years old cat-
(LBA-EUSTACH), we performed tower-based eddy covari- tle pasture enabled the spatially and temporally direct com-
ance measurements o @ux above an Amazonian primary parison of Q dry deposition values from this site with typ-
rain forest at the end of the wet and dry season. Ozone dejcal vegetation cover of deforested land in southwest Ama-
position revealed distinct seasonal differences in the magnizonia to the results from the primary rain forest. The mean
tude and diel variation. In the wet season, the rain forest wagzone deposition to the pasture was found to be systemati-
an effective @ sink with a mean daytime (midday) maxi- cally lower than that to the forest by 30% in the wet and 18%
mum deposition velocity of 2.3cnT$, and a corresponding  in the dry season.

Os flux of —11 nmolnT2s~1. At the end of the dry season,
the ozone mixing ratio was about four times higher (up to
maximum values of 80 ppb) than in the wet season, as a con-

seqguence of strong regional biomass burning activity. How-1  |ntroduction
ever, the typical maximum daytime deposition flux was very

similar to the wet season. This results from a strong limita- og 5 secondary pollutant, tropospheric ozone, i©formed

tion of daytime @ deposition due to reduced plant stomatal py the photochemical oxidation of carbon monoxide, CO,
aperture as a response to large values of the specific humidity,q pydrocarbons in the presence of nitrogen oxides, NO
Qeflcn. As a re_sult, the average midday deposition Veloc'ty(Crutzen, 1979). The highest mixing ratios arise mainly
in the dry burning season was only 0.5cnts The large i industrialized areas of the Northern Hemisphere where
diel ozone variation caused large canopy storage effects th%tnthropogenic emissions of precursors are extremely high
masked the true diel variation of ozone deposition meCha‘(Chameides et al, 1992). The gradual increase gf O
nisms in the measured eddy covariance flux, and for Whic'”together with CO and methane is a global phenomenon
corrections had to be made. In general, stomatal aperture Wagrytzen and Andreae, 1990) that represents a substantial en-
sufficient to explain the largest part of daytime ozone deposivironmental problem because of the detrimental impact of
tion. However, during nighttime, chemical reaction with ni- high O3 mixing ratios on vegetation and human healthy O
trogen monoxide (NO) was found to contribute substantiallyjs 3150 a key precursor of the hydroxyl radical OH, the pri-
to the G sink in the rain forest canopy. Further contributions mary oxidant in the troposphere, which is responsible for the
removal of many reactive pollutants. Most oxidation of trace
Correspondence tdJ. Rummel gases occurs in the tropical troposphere, where high UV in-
(udo.rummel@dwd.de) tensities and water vapor concentrations favor the formation
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of OH by O3 photolysis (Crutzen, 1986). Furthermore; i® Biosphere—atmosphere experimenfimazonia, Andreae et
an important greenhouse gas in the upper troposphere. al., 2002). In particular, we have addressed the diurnal and
In the absence of anthropogenic biomass burning, the seaseasonal variations of 0zone deposition to a tropical rain for-
sonal variation of @ in the atmospheric boundary layer of est and their controlling mechanisms. We will report on
remote tropical regions is mainly a consequence of photo-ozone fluxes measured by eddy covariance during campaigns
chemical processes and the exchange with both the free trat the end of the wet season (May 1999) and at the end of the
posphere and terrestrial surfaces. During the wet seasomiry season (September/October 1999) at a forest tower site in
convective systems cause an effectiveédtrainment from  Rondnia, Brazil. Simultaneously with our rain forest exper-
the free troposphere that leads to a weak net photochemicament, G flux measurements were performed by Kirkman
loss within the boundary layer (Fan et al., 1990; Gregory etet al. (2002) on a 60 km distant pasture site that was estab-
al., 1990; Jacob and Wofsy, 1990). Contrastingly, thar©® lished by deforestation more than 20 years before. By com-
put from aloft is rather small in the dry season due to theparing the forest and pasture fluxes under similar environ-
formation of the trade wind inversion by large-scale subsid-mental conditions, we will assess the impact of deforestation
ing air motion under which conditions the net photochemi- and land-use change on ozone deposition.
cal production can become the dominating €durce (with
surface-emitted volatile organic compounds and,N®pre-
cursors; Jacob and Wofsy, 1988). However, in large parts o2 Experiment
the tropics, the natural seasonality of the ozone concentration
is strongly affected by anthropogenic biomass burning activi-2.1 Measurement site and periods
ties during the dry season (e.g. Crutzen et al., 1985; Delany et
al., 1985; Kirchhoff et al., 1988; Kirchhoff et al., 1990; Lo- The experimental site (20455’S, 615548"W,
gan and Kirchhoff, 1986). ©mixing ratios of 50-100ppb 147m as.l.), a former ABRACOS site, (Gash et al,
are frequently reached in haze layers at altitudes between 1996) is located in the Reserva Bigica Jai (RBJ), a
and 4km (Andreae et al., 1988; Cros et al., 1988). In theforest reserve 90km north of the city of Ji-Pa&aim the
vicinity of burning areas of the Brazilian cerrado (savanna),state of Rondnia/Brazil (see Fig. 1). The vegetation cover
O3 mixing ratios of up to 80 ppb have been found even at theat RBJ, which is owned by the Brazilian Environmental
surface (Kirchhoff et al., 1996). Protection Agency (IBAMA), consists of primary (terra
The dry deposition of @is one of the most important firme) open rain forest with a closed canopy of about 32m
sinks in the boundary layer ozone budget, counterweighindeight. Single trees, jutting above the canopy, may reach up
the sources described above. However, measurements of tfie 45m. Due to their relevance for turbulence, an effective
O3 dry deposition are up to now very scarce in the tropics,canopy layer height of 40m was defined for the present
even for the rainforest, its main biome. So far, only one ex-analysis following Kruijt et al. (1996). The understory
periment (the wet season Amazonian Boundary Layer Ex-consists mainly of palms. Plant species at the measuring site
periment (ABLE) 2B) with continuous direct{flux mea-  have been characterized by McWilliam et al. (1996). Using
surements above a tropical rain forest has been reported (Fan optical device, (LI-COR LAI 2000, USA), a total leaf
et al., 1990), in Central Amazonia. The majority of other area index (LAI) of 5.6 was determined (for a discussion of
related experiments were carried out in the dry season anthe vertical LAl distribution, see Rummel et al. (2002).
provide only crude estimates of ozone deposition. They re- The horizontal extent of the forest cover around the site is
sult from atmospheric boundary layer (ABL) or surface layer partly limited. Within the west-northwest to southeast sector,
(SL) budget calculations, which are based on a few verti-primary rain forest exists for tens to hundreds of km. In the
cal profiles of @ mixing ratios in the northern Congo (An- remaining sector a river (Rio Machado) interrupts the vege-
dreae et al., 1992; Cros et al., 1992) and in the central Amatation. The minimum distance to the river (in the southwest
zon (e.g. Gregory et al., 1988; Kirchhoff et al., 1988). Di- direction) is about 400 m. Beyond the river there is a mix-
rect flux measurements applying an airborne eddy covariture of plantations, secondary growth forest, and remaining
ance system over the northern Congo were made by Cropatches of primary rain forest. Due to ongoing deforestation
et al. (2000). Although these experiments provide valuableand colonization (activities which were promoted over the
flux data on a regional scale, they do not provide much in-last 25 years in Rora@hia by Brazilian authorities) the result-
formation about the diurnal and seasonal variability of ozoneing characteristic “fishbone” pattern of land-use can be seen
deposition. This information is necessary for understandingon the satellite image (LANDSAT) of Fig. 1.
the individual mechanisms that regulate the surface deposi- Rondbnia, located at the south-western margin of Amazo-
tion of Og, but is presently lacking for the tropical rain forest nia, is characterized by a distinct dry season (peaking in July
under dry season conditions. and August), with most of the rains falling from December
The present study was carried out as part of the LBA-to March (see Fig. 2). The monthly rainfall during the two
EUSTACH project EUropeanStudies onTrace gases and LBA-EUSTACH campaigns (Fig. 2) was similar to the 10-
AtmosphericCHemistry as a contribution th arge-scale year mean, with somewhat less rain in May and a somewhat
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Fig. 1. Map and satellite image (LANDSAT) indicating the location of the LBA-EUSTACH sites, Reservadidal Jain (RBJ), Fazenda
Nossa Senhora Aparecida (FNS), and the IBAMA camp in the state ofdRam@razil. The tower site at RBJ (304'55” S, 61°5548” W)
is shown in the lower right image.

wetter September. Our ozone flux measurements were car- 70 regional 10 year mean
ried out from 4 to 22 May 1999 (LBA-EUSTACH 1) and 250-7 7 A EUSTAGH 1 7,
from 21 September to 20 October 1999 (LBA-EUSTACH 2). )
The latter campaign was well within the time period of local
and regional biomass burning activities.

B BA-EUSTACH?2

\

Results from our measurements of global radiation, air
temperature, and humidity, and earlier results on the soil wa- = 100
ter content in the root layer (Hodnett et al., 1996), show that €
the conditions during the two measurement periods (at theg 50+
end of the wet and dry seasons, respectively) were character-
istic of the respective peak seasons despite the already chang- 0 T FE M ATM
ing rain regimes. month

hly rainfall [mm]
@
s

burning season in Rondonia

The specific humidity deficit§HD), a quantity charac-
terizing wet and dry seasons, is an important parameter fofig. 2. Ten-year average monthly rainfall distribution from a stan-
ozone deposition, because it has a limiting effect on stom-dard weather station close to RBJ (Gash et al., 1996) and monthly
atal conductance (Wright et al., 1996). The monthly aver-rainfall measured at RBJ during the experimental periods LBA-
age value ofSHD, measured at 51.7 m, for May 1999 was EUSTACH 1 and 2 (Apri-May and September—October 1999, re-
2.5gkgt. This is close to the average value of 2.4gkg  spectively).
observed for the peak wet season from January to March
for 1992 and 1993 (ABRACOS experiment, see Culf et al.,
1996). These values are distinctively lower than the corre5gkg ! for the peak dry season (July and August) of the
sponding ABRACOS data for June (3.5gKg, which in-  ABRACOS data. Therefore, the LBA-EUSTACH field cam-
dicate the beginning of the dry season. The aveiag® paigns are designated as wet (LBA-EUSTACH 1) and dry
during LBA-EUSTACH 2 was 5.2gkgl, comparable to  season (LBA-EUSTACH 2) experiments in the following.
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Fig. 3. Scheme of the cumulative experimental setup of the tower site at the Reserggi&@alah (RBJ) during LBA-EUSTACH 1 and
2 campaigns. Measurements performed periodically are displayed in light gray (exgphé@lysis ratejno2 was measured alternately at
three heights).

2.2 Eddy covariance flux system ~100 L min1. With this setup, the response time of thg O
analyzer is well below 0.1 s. Since the sensitivity of the ana-

) ] ] ] lyzer showed a considerable temporal variability, it was cal-
A 52m high scaffolding tower (see Fig. 1), erected in 1991y 4164 on an hourly basis against the @ixing ratio from

(Gash et al., 1996), served as the main platform for the meag, o uppermost profile measurement (see below).
surements at the RBJ site. A comprehensive scheme of the

experimental setup is shown in Fig. 3. The eddy covarianc
system for trace gas flux measurements was installed on
boom at 53m (=1.38; h: effective canopy layer height) _ )
extending 4 m horizontally from the tower. High-frequency Vertical profiles of Q as well as HO, CG;, NO, and
data for the eddy covariance technique were continuousiNO2 mixing ratios were measured above and throughout
sampled at 20.8 Hz. Fluctuations of the three wind veloc-the canopy. The air sampling system consisted of eight
ity componentsi, v, w) and virtual temperaturel{() were 4.35mm (inner diameter) TEFLOR tubes connecting the
measured by a sonic anemometer (Gill Instruments, Soleninlets at heights of 0.3m, 1.0m, 4.0m, 11.3m, 20.5m,
Research 1012 K55, UK). For4® and CQ measurements, 31.3m, 42.2m, and 51.7 m to the analyzers in the shelter at
a closed-path differential infrared absorption analyzer (LI-the tower base. The tubes were installed within an opaque
COR LI-6262, USA) with a nominal response time of 0.1 s insulated pipe, which was heated just above ambient air tem-
was used (see e.g. Ammann, 1999; Aubinet et al., 2000perature to prevent condensation in the tubing system. All
Moncrieff et al., 1997). The fast £analyzer (GFAS, Ger- inlets at heights up to 4 m above ground were attached to a
many) is based on the surface chemiluminescence reaction geparate tripod located 15m northeast of the tower, where
O3 with a coumarin dye layer on an aluminum plate placedthe surrounding area was closed off to minimize soil dis-
in the sample air stream (Ammann, 1999{iggen et al., turbance. All tubes were continuously flushed by a purging
1992; Qisten and Heinrich, 1996). The fast @nalyzerwas pump and air from all heights was sequentially sampled by
mounted on the tower boom close to the sonic anemometea TEFLON® valve manifold. Past the manifold, the inlets
Sampling air was led to the analyzer by an inlet tube, 0.5 mto each trace gas analyzer were branched off from the main
in length with an inner diameter of 0.02m. To prevent flow sampling stream. ©mixing ratios were measured with a
distortion by the tube, the inlet was separated 0.30 m fromUV absorption analyzer (Thermo Instruments TE49C, USA),
the head of the sonic anemometer. Turbulent flow in the tub-and HO and CQ by a second LI-6262 analyzer. A gas
ing was ensured by a micro fan maintaining a flow rate of phase chemiluminescence analyzer (ECO Physics CLD 780

e§.3 Trace gas profiles
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TR, Switzerland) was applied for the measurement of NOcording to Moore (1986), Zeller et al. (1989), Lenschow and
and NG mixing ratios, where the use of a photolytic con- Raupach (1991), and Horst (2000), using the semi-empirical
verter (ECO Physics PLC 760, Switzerland) guaranteed thespectral formulations of Kaimal et al. (1972). Flux loss at
specific detection of N@(see Rummel, 2005). A gas-phase low frequencies was estimated with a transfer function after
dilutionftitration unit (ANSYCO SYCOS K/GPT, Germany) Kristensen (1998) (see Aubinet et al., 2000) to be about 6%
containing a UV lamp as §source was used together with during the daytime, with lower values during the night. How-
pressurized cylinders of zero-air and NO standard (10 ppmkver, due to the poor determination of the model spectra used
for combined calibrations of the DNO, and NG analyz-  in the low-frequency part for unstable daytime conditions,
ers. Residence times in the tubing system were 1-8s; corand the generally small effect, a low-frequency correction
respondingly, mixing ratios of & NO, and NG were cor-  was not applied.

rected for the gas-phase reaction NG+&NO; +O, (Beier To avoid the influence of rapidly changing environmen-
and Schneewind, 1991). Two complete cycles of sequentiallytal conditions on our analysis, a stationarity test after Foken
sampled profile data were generally averaged to obtain halfand Wichura (1996) was applied to all derived variances and

hourly data sets of vertical trace gas profiles. covariances. Data were rejected if the (co)variance averaged
_ N _ over 30 min deviated more than 100% from the average of the
2.4 Meteorological quantities and N@hotolysis rate fluxes obtained from 10-min subintervals (instead of 5-min

i ) subintervals proposed by Foken and Wichura, 1996). Here,
An automatic weather station (AWS) at the top of the tower e nstable stratification within the tropical boundary layer
(53m) monitored air temperaturg and relative humidity 54 the occurrence of coherent turbulent structures are taken

RH (Rotronic MP300, Switzerland), wind speesand di-  iytq account by the longer subintervals (see Rummel, 2005).
rectionwd (Young 05103-5, USA), precipitation (Campbell 1, aqditional data rejection criteria were considered. The

ARG100, USA), hydrostatic pressupe (Vaisala PTA427, it one relates to calm conditions without fully developed
Finland), and incoming short wave radiatioi (LI-COR  y,hjlence, and excludes all cases where the friction veloc-
LI-200SZ, USA). At the end of both campaigns, the NO i \yas ower than a critical valug.ci~0.01ms?®. This
photolysis ratejnoz was measured for a few days at 51.7m ,reshold was found to be high enough to reject most cases

height by a selective UV radiation sensor (Meteorologie attected by non-turbulent conditions and low enough to avoid
Consult, Germany). These periods were used to derive re;

. ' ; - a strong selection-related bias towards windy conditions dur-
lationships betweepno2 above the forest and the simultane-

e ; ) ing nighttime.
ously measured short wave radiatify, which was available The second criterion concerns periods with disturbed up-
for all experimental periods. In additiofyo2 was also mea-

N ) , wind fetch. Footprint analysis for the eddy covariance fluxes
sured within the canopy at 22m and 1 m height during the, a5 performed by the model of Schmid (1994). The 80%
dry season campaign. The attenuationab, with decreas- g, source areas were calculated separately for daytime and
ing height below the canopy top was approximated with anpighttime conditions. The results for the wet and the dry

exponential decay function fitted to the measurements at thgg550n campaign are shown in the form of two-dimensional

three heights. frequency distributions in Fig. 4. A general dominance of
easterly over westerly wind components is obvious. During

3 Methods daytime, unstable stratification ensured rather small source
areas. For 90% of all daytime cases, the flux source area
3.1 Eddy covariance data processing was not at all or barely influenced by the river. Only data

with wind directions in the sector 225280 were excluded
After an intensive spike and error control of the raw data, from the analysis, because of flow distortion by the geomet-
half hour averages of eddy covariance fluxes were calculatedic structures of the scaffolding tower itself. During night-
Time lags between the signals from sonic anemometers antime the situation was clearly different. Due to the prevailing
trace gas analyzers were estimated by determining the maxery stable stratification, a significantly higher percentage of
ima of correspondent covariance functions within preset timeflux measurements was influenced by the Rio Machado and
lag intervals. A linear detrending was applied to the time the forest/pasture vegetation mix west of it. Therefore, all
series followed by a two axis rotation of the wind field co- cases with wind directions in the sector 5800 were ex-
ordinates (e.g. Aubinet et al., 2000). Trace gas fluxes wereluded from our analysis. After rigorous application of all
corrected according to Webb et al. (1980) to account for fluxrejection criteria and the exclusion of periods of instrument
contributions caused by air density fluctuations from sensiblefailure, the overall daytime (nighttime) data coverage was re-
and latent heat exchange. The short inlet system of the Oduced to 74% (29%) and 66% (23%) during the wet and the
analyzers partly damped the temperature fluctuations (Amdry season experimental periods, respectively.
mann, 1999) which had to be adequately considered. High Measurements of trace gas fluxes by eddy covariance are
frequency flux loss caused by the physical properties of seneften affected by the instrumental noise of the gas sensor.
sors, the setup, and data acquisition was corrected for adJnder the assumption of “ideal white noise”, which does not

www.atmos-chem-phys.net/7/5415/2007/ Atmos. Chem. Phys., 7, 54352007
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Fig. 4. Two-dimensional frequency distributions (percent) showing how often each point in the terrain surrounding the tower was contributing
to the 80% source area of any flux measured at the 53 m level of the RBJ tower. The wet and the dry season experiment, daytime conditions
are shown in panel@) and(b), and those of nighttime in pangls) and(d). The red star denotes the position of the RBJ tower at (0 km;

0km). In 1999, there was primary rain forest west of the river, while east of it a mixture of forest and pasture prevailed (see Sect. 2.1).

correlate with the vertical velocity fluctuations, there is no where Fo,(z,,) denotes the turbulent ozone flux at the mea-
systematic effect on the trace gas flux. But the associateduring height,,=53 m. The second term on the left side rep-
statistical error directly affects the magnitude of the mini- resents the vertically integrated storage change within the air
mal resolvable flux. A procedure proposed by Lenschow andccolumn between the soil surface and the measuring height.
Kristensen (1985) was used to calculate the effective detecSince it does not represent a removal process, but only an

tion limit for the ozone flux to be-0.45 nmolmr2s~1. intermediate storage, the measured ozone flux has to be cor-
rected for this effect for the correct determination of the
3.2 Ozone budget ozone deposition processes. The storage change was calcu-

. , : lated from the temporal change of the measured ozone pro-
Measuring turbulent fluxes of reactive trace gases like 0zongj ¢ (see Sect. 2.3 and Fig. 3). The right hand side of Eq. (1)
above tall vegetation canopies requires the determination Oéontains the te'rrr;s of diﬁerént@emoval pathwaysFo, (0) ’

H 3
- s the soil deposition flux at the forest floor. It was estimated
This is necessary to relate the measurements to the actual Qn the basis of measurements by Gut et al. (2002b), which

removal (i) at plant and soil surfaces, or (i) by chemical reac-\a e herformed simultaneously with our flux measurements.
tions within the canopy. Assuming horizontal homogeneity Ds(z) is the actual deposition to plant surface€hne(z)

(see Coppin et al., 1,986; R_aupach and Shaw, 1982), ghe Orepresents the height-dependent net effect of chemical pro-
mass balance equation is given by:

cesses, i.e. the difference between chemical production and
3 Zm loss rates. Based on the available mixing ratio measurements,
Fo; (zm) + — / [O3] () dz we confineChet(z) to the photochemical triad of NO-NO
ot J O3 (see Meixner et al., 1997):

o o NO, +hv % No+O (R1)
=[Chnet(2) dz+st (z) dz + Fo, (0) 1) ‘
0 0 0+0; — O3 (R2)

Atmos. Chem. Phys., 7, 5415435 2007 www.atmos-chem-phys.net/7/5415/2007/
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NO + O3 N NO; + Oy (R3) boundary layer” resistance, is an “excess” aerodynamic re-
sistance (Baldocchi et al., 1987). It is introduced, because in

The second Reaction (R2) is very fast and can be considerethe quasi-laminar boundary layer close to surfaces, mass and

as immediate. Therefore in this simplified system ozone isenergy transfer are limited by molecular diffusion, whereas

formed as a direct result of NQphotolysis by solar radia- momentum transfer is dominated by the pressure drag:

tion (A.<420 nm). The oxidation of NO by §XReaction R3) ;

reforms NQ. The reaction rate of Reaction (R3) was cal- Ry = In < 20 ) 1 (ﬁ) (5)

culated asko=17/T xexp(=1450/) in units of ppbls1. 20,03/ kus \ Pr

Despite their likely importance for ozone formation above _ )

the tropical forest (e.g. Jacob and Wofsy, 1988; Jacob and "€ Schmidt numberSg for ozone is about 1.07 and

Wofsy, 1990), the influence of peroxy radicals R@as not the Prandtl numberRr) is 0.72. Following Hicks et

considered, due to the complete lack of experimental datl: (1987) the following parameter settings were used:
about their mixing ratios. IN(zo /z0,05)=IN(z0/z0, #)~2 andn=2/3. The bulk canopy re-

sistanceR., determined as the difference betweRnand
3.3 Canopy scale resistances the sum of aerodynamic resistancés,€R;), contains the
contributions of all deposition pathways occurring within the

For trace gases like ozone, which (i) are exclusively depositcanopy. These may consist of (i) the transfer through the
ing, (ii) reveal a zero substrate mixing ratio (cf. Laisk et al., stomatal apertures of leaves and subsequent transfer into the
1989), and (iii) for which a negligible net effect of sources mesophyll tissue, (ii) transfer to the leaf cuticle or other outer
and sinks between the surface and the reference hgjght Plant surfaces (e.g. bark), (iii) transfer to the soil surface (in-
can be assumed, the concept of dry deposition velogjty ( cluding litter), and (iv) consumption by chemical reactions

can be applied: in the canopy air space.
To get an independent estimate of the canopy bulk stom-
oy = — Fog (zm) (2) atalresistanceR; o,), a modified Jarvis-type model (Jarvis,
[Os] (zm) 1976) was employed:

Normalizing the fluxFo, by the mixing ratio [Q] at the Dh,0 _ 1

reference height permits the study of parameters affectingRs,Oa = Do [Gs,maXLN f(SHD) f(T) f (SR)] (6)
deposition rates independent of ambient Bixing ratios. s

It also makes it possible to compare deposition rates meawright et al. (1996) optimized the model for the vegeta-
sured above different surfaces. The simple “big leaf” multi- tion at the RBJ site. They applied a non-linear least square
ple resistance approach (e.g. Hicks et al., 1987) separates tlogtimization to calibrate the product of maximal stomatal
surface-specific limitations to dry deposition from the aero-conductanceG max. LAI, and functional relationships for
dynamic limitations. The reciprocal of;, the total resistance  specific humidity deficit §HD), temperature®), and short

to ozone depositioR; is split up into a serial alignment of wave radiation §z) using canopy resistance values deter-
the aerodynamic resistancBs andR;, and the bulk canopy mined by the Penman-Monteith formulation (Monteith and

resistancer,: Unsworth, 1990). Here, we applied the parameterization
1 originally derived for O by using ambient data measured
— =R, =R,+ Ry + R, (3) by the automatic weather station at the RBJ tower top and by
Vd taking the different molecular diffusivities for£and HO

R, which is often called the “atmospheric” or “turbulent iNto account.
aerodynamic” resistance, characterizes the turbulent ozone

transfer between,, and the height/+zo:
" g 0 4 Results

1 z—d z—d 20
Ra = ks (In( 20 ) - \1103( L Z)) (4) 41 Ambient conditions

Here,zg is the average roughness length for momentum andn the following, diurnal and seasonal characteristics of me-
d is the zero-plane displacement height, which were deterteorological conditions and ozone deposition are displayed as
mined to 1.3 m and 34 m, respectively, by a formulation of mean diel variations. For this purpose, median values were
Raupach (1994) relying on canopy height and leaf area inused because they are less affected by extreme outliers than
dex (LAI). Furthermorek is the von Karman constant (0.4), are arithmetic averages. Mean daytime and nighttime val-
L is the Obukhov length, an@o, is the integrated simi- ues of fluxes and other quantities were calculated for 07:00—
larity function (stability correction) for @ assumed to be 17:00LT (local time) and 17:00-07:00 LT, respectively. The
equivalent to that for sensible heby; (e.g. Ammann, 1999). mean diel variations oz, 7, andSHDat 51.7 m (tower top)

Ry, which is often called “boundary layer” or “quasi-laminar for both LBA-EUSTACH experiments are shown in Fig. 5.
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Fig. 6. Time series ofa) O3 mixing ratio and(b) specific humidity deficit at the RBJ tower during the dry season campaign (21 September
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All quantities show a considerably larger diel amplitude dur- ratios in the dry season are higher by a factor of about four
ing the dry season experiment. Only wind speed (not disthan in the wet season (typical daytime maxima of 50 ppb and
played) was very similar for both campaigns with generally 12 ppb, respectively). The mean diel variation in both peri-

moderate values of 0.5—1.5 misduring night and 1-2 ms ods is characterized by a fast increase in the morning hours.
during daytime. The decrease after sunset (18:00LT) is slower in the dry sea-

: - L I n leadin mor mmetric diel rse.
The mean diel variations of thes@nixing ratio (Fig. 5d) son leading to a more asymmetric diel course

refer also to the top of the RBJ tower (51.7 m), which is ap- Besides substantial differences between the seasans, O
prox. 12m above the effective canopy heighj.( Mixing mixing ratios exhibit also marked intra-seasonal variations
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during the burning season experiment LBA-EUSTACH 2. 80

Corresponding time series ofs@nixing ratio and the spe-

cific humidity deficit are shown in Fig. 6. The highest mix- ]

ing ratios (up to 80 ppb) occurred at the end of a dry and 60 -

hot period (2—12 October) lacking any precipitation and with

a steady increase &HD. After that period, the @ mixing

ratio continuously decreased to the end of October, when O

levels reached those at the end of the wet season (see Fig. 5d).

Considering only daytime values, the time series of the O

mixing ratio andSHD show very similar behavior through- 20 1

out the whole experiment. ]
For a more direct comparison of the ozone mixing ratio

andSHD, a scatter plot of both quantities, averaged between 0 S A

10:00 LT and 18:00 LT (when maximum values occurred) is B

displayed in Fig. 7 for both experiments. Whereas in the SHD(@ka?)

wet season ozone concentration shows only a weak depen- o ) - o

dence within the limitedSHD range, both quantities exhibit Fig. 7. Average @ mixing ratio versus average specific humidity

o L s .. deficit at the RBJ tower during the wet season experiment (green)
a clear positive correlation in the dry season with mtensmedanol the dry season experiment (21 September to 20 October: red:

blqmass burning. For the last daYS of the dry season CaM55 10 31 October: blue). Data points represent daytime averages
paign (25 to 31 October), data points tend towards those Ofcqyeen 10:00 LT and 18:00 LT.

the wet season campaign indicating that the seasonal transi-
tion might have already started.

O, (ppb)

observed during the night. In the wet season, nighttime
4.2 Ozone flux and deposition budget terms fluxes are mostly very low, whereas in the dry (burning) sea-

son, a considerable part of the die} @eposition occurs at
The measured eddy covariance fluxes above the canopy weggght (especially during the first half). Between 19:00 LT and
analyzed in combination with the budget terms given in 20:00LT, the values of the £xeposition flux are compara-
Eqg. (1). Mean diel cycles of the budget terms for both ple to its daytime maximum. The mean nighttime flux of
seasons are displayed in Figs. 8c and d. The storage term4.0 nmolnt2s1 accounts for 61% of the corresponding
was calculated from the profile measurements throughout th@aytime value. For the wet season period with a mean noc-
canopy layer. The ozone concentrations at four out of theyral flux of —0.4 nmol nT2 s~ this percentage is only 8%
eight measured profile levels are shown in Figs. 8a and bysee Table 1).
Besides the large differences in the amplitudes of the ab- During the wet season experiment (Fig. 8c), daytime bud-
solute ozone concentration (note different y-scale), the dat@et terms of soil deposition and net chemistry were prac-
also show a stronger damping of the diel cycle in the lowertjca|ly negligible compared to the totalz@eposition flux.
part of the canopy (11.3m and 1.0 m) for the wet-season eXThjs clearly indicates that plant uptake is the dominating re-
periment. In that season, the storage change was rather smal{oval process. During night, the calculated chemical loss
compared to the measured @ux, and therefore the latter partly exceeds the storage corrected flux, which may be at-
was very similar to the effective deposition flux. During the triputed to the considerably large uncertainty of the flux and
dry season experimental period, the storage term was consighrofile measurements, whers ®ensors are close to their de-
erably enhanced as a consequence of the larger diel variatiogction limits. During the dry season experiment the chemi-
of O3 above and within the canopy. Around 10:30LT, the O cal term was generally enhanced due to highgr it also
storage term was as large as 54% of the measured flux. Thigo mixing ratios (see Andreae et al., 2002). Particularly
implies a remarkable discrepancy between the measuged Qjuring night, the chemical term explains a considerable part
flux (amount of @ which was transported downward through (in the second half even the major part) of the ozone deposi-
the plane of the measuring height) and the actual depositiofion (Fig. 8d). During daytime, the photolysis of N@bove
flux (removal of ozone). the canopy and in the upper crown layer represented a source

The storage-correctedsQlux (left side of Eq. 1), repre-  effect that compensated or temporally even dominated the
senting the relevant deposition flux, shows similar daytimepzone loss by reaction with NO.

peak values between 12:00 and 14:00LT in both seasons

(Figs. 8c, d) despite the four-fold higheg@ixing ratio in 4.3 Deposition velocity and canopy scale resistances

the dry season (Fig. 5d). The mean daytime flux showed a

moderate increase of 32% from6.0nmolnT?s™! (wet)to ~ The ozone deposition velocity was calculated as the ratio of
—6.6nmolnT2s1 (dry) due to higher values in the morn- the storage-correcteds@ux (i.e. the Q deposition flux) and
ing and evening hours. However, the major difference wasthe G; mixing ratio at the top of the RBJ tower (53 m). The
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Table 1. A compilation of mean (median) ozone flux and deposition velocitigspbserved over tropical rain forests from this and earlier
studies. Values iitalics refer to measured §Xluxes above the canopy (without storage term correction).

2 -1 —1
location Season methdd flux (nmol m™*s ™ va (€ms™)
morningd® day® nightd mornind day® night!

South west Amazonia t (end EC -5.8 -5.0 -0.4 14 11 0.5

LBA-EUSTACH 18 wet (end) -6.6 -556 -0.3 15 1.2 0.3
EC —7.7 —6.6 -4.0 0.6 0.5 0.6
all data —-11.1 -8.6 2.4 0.8 0.7 0.4

South west Amazonia d d EC —4.8 —4.5 0.3 0.4

LBA-EUSTACH 2 ry (end) high SHD 6.6 21 05 03
EC -89 -4.0 0.8 0.8
low SHD -10.9 -3.2 1.0 0.8

Central Amazonia

Fan et al. (1990) wet EC —-3.8 -0.37 1.8 0.26

Central Amazonia

Gregory et al. (1988) dry ABL —27 5

Northern Congo

Cros et al. (1992) dry (end) ABL -15 5

Congo/Central

African Republic dry (begin) ,Ii(B:L _S; 1.5

Cros et al. (2000) o

Central Amazonia,

Kirchhoff et al. (1988) dry G.ABL —40 -18

Northern Congo dry (end) ABL _25 12

Andreae et al. (1992)

& EC: eddy covariance; G: gradient; ABL: atmospheric boundary layer budget estimate;

b Mean value between 08:00 and 13:00 LT corresponding to Gregory et al. (1988) and Cros et al. (2000)

¢ Mean value between 07:00 and 17:00 LT corresponding to Fan et al. (1990)

d Mean value between 17:00 and 07:00 LT corresponding to Fan et al. (1990), Kirchhoff et al. (1988), and Andreae et al. (1992).
€ All mean values for the LBA-EUSTACH experiments are expressed in medians.

diel variation of the mean £deposition velocity ¢,) is dis- Egs. (3) to (5). Figure 9 displays the calculated resistances
played in Fig. 8e and Fig. 8f for both experimental periods.for both experimental periods. Turbulent aerodynamic

As for the @ deposition flux, the diel variation of the mean and quasi laminar boundary lay&;, resistances show no
deposition velocity during the wet season campaign showsignificant differences between the seasons. In both cases the
an almost symmetrical form, reaching a noon-time maxi-mean daytimeR,+R;, was about 30 s m'. During night, the
mum of up to 2cm3t. The mean nighttime deposition ve- meanR,+R;, of about 300 s m! during the wet season pe-
locity (0.5cms 1) is about 46% of the mean daytime value riod was higher than the mean of 180 shior the dry season
(1.1cmst). The large variability of the nocturna); datais  experiment. The bulk canopy resistam@e=R,—(R,+R5) is

due to the uncertainty of the ratio of two small valueg {lox only shown for daytime hours, since the large relative uncer-
and mixing ratio). During the dry season campaign, the dieltainty of all right-hand terms (due to weak turbulence and
cycle ofv, is much more asymmetric with two distinct max- small fluxes and mixing ratios) prevents a meaningful deter-
ima, one in the late night (around 04:00 LT) and another rightmination at nighttime. To a minor exterR, data right after
after sunrise (07:30LT). In the following hours, the deposi- sunrise and just before sunset also reveal significant uncer-
tion velocity decreases to a minimum at sunset. The mearainties for similar reasons. For the wet season experiment,
daytime value ob;=0.5 cm s is rather low, and very simi-  the daytime variation of meaR,. shows a near-symmetrical

lar to the mean nighttime value (0.6 cm'3, bearingin mind ~ form similar to the diel variation of the £flux. A daytime

the higher uncertainty for the latter value (see Table 1). mean value ofR.=55snT! is observed. In great contrast,
R. shows a strong diurnal trend during the late dry season.
In order to separate the bulk canopy processesafépo- It increases from low values (similar to wet season values) in

sition from the aerodynamic limitations, the total resistancethe early morning up to about 500 sthbefore sunset. The
R, (reciprocal of deposition velocity;) was broken down  daytime mean is about 170 sth
into the individual resistance®,, R;, and R, according to
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Fig. 8. Diel variation of quantities related to ozone deposition (medians) during the wet season experiment (left panels) and the dry season
experiment (right panels). Gray areas indicate the inter-quartile-range (IQR) of selected quantities(alpandlg): O3 mixing ratio at

51.7m (blue), 31.3m (green), 11.3m (red), and 1 m (brown); Pdogknd (d): measured @ flux (red), Oy storage within the column

0-53m (green), net “chemical flux” according to Reactions (R1) to (R3) (blug)lu® at the forest soil surface (brown), and @ux

corrected for storage (black with IQR); Pan@$and(f): O3 deposition velocity of storage-corrected flux.

4.4 Influence of air humidity during the dry season The general course of the (storage correcteg)dépo-
sition flux shows a marked difference between b8HHD
Due to the fact that ozone deposition exhibits higher variabil-regimes during daytime. This difference is even more pro-
ity and limitations by the canopy resistance in the dry seasonpounced than the mean difference between the wet and dry
the latter is analyzed in more detail. To test the hypothesiseason (see Fig. 8). While in the I®HD regime the diel
that the physiological limitation of @deposition is related to  course is quasi-symmetric and resembles the wet season re-
high specific humidity deficit§HD) values, dry season mea- sults, it shows a clearly asymmetric shape in the I8¢D
surements were classified on the basis of two specific humidregime with very low values in the morning hours and max-
ity deficit categoriesSHD<10gkg™* andSHD>10gkg™*.  ima in the afternoon and the early night. This shape is in
The critical value of 10g kg' has been chosen according to sharp contrast to the measured flux above the canopy that
the maximum averag8HD found in the wet season period - exhibits maximum values in the morning. Consequently,
(see Fig. 7). For botl$HDregimes, the median diel varia- 3 large positive storage effect occurs in the morning and a
tions of deposition—related quantities are shown in Flg 10. negative one in the ear]y night_ For the tg8dD regimesl
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Fig. 9. Diel variation of mean (median) turbulent aerodynanfig X, quasi laminar boundary layeRrf), and bulk canopy resistance ()
at the RBJ tower during the wet season experiment (left panels) and the dry season experiment (right panels); corresponding inter quartile
ranges are indicated by the gray shaded areas.

the resulting mean values of; for daytime conditions are 5 Discussion

0.8cms ! and 0.3cmst, respectively. The bulk surface re-

sistanceR, and the modeled stomatal resistaige, (Eq. 6) 5.1 Difference between measured flux and actual deposi-
agree well during most daytime hours in the case of the low tion

SHD regime (Fig. 10c). For the higBHD regime, larger .
deviations with clearly higheR,. than R, o, values are ob- According to Eqg. (1) the @flux measured above the canopy

served especially before noon (Fig. 10d). In the afternoon d1as to be corrected for the storage change below the mea-

significant increase of the stomatal resistance is observed arfgdrement height in order to determine the actuad@posi-
R. and R o, show only minor differences. tion for a given time of day. This is particularly important
for the quantitative study of daytime and nighttime deposi-

tion mechanisms (Sect. 5.3), and for the comparison of O
deposition between forest and pasture vegetation (Sect. 5.4).
However, for the comparison with other (airborne) studies
over tropical rain forest (Sect. 5.2), which did not consider
any storage effect, non-corrected fluxes and corresponding
deposition velocities are also of interest.
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Fig. 10. Diel variation of ozone deposition related quantities (medians) during the dry season experiment separated for average daytime
SHD<10gkg™! (left panels) an&SHD>10 g kg™ (right panels). Panel@) and(b): measured @flux at 53 m on the RBJ tower (red),z0

storage change within the column 0-53 m (green), storage corregtddposition flux (black; with shaded inter quartile range); Pa@ls

and(d): bulk canopy resistanc®. (black; with shaded inter quartile range), and modeled stomatal resiskargge(red).

Generally, the ozone storage change effect in the canopis considered to be due to the breakdown of the larggr@-
layer and the layer immediately above is determined by thedients (see Gregory et al., 1988) between the ozone depleted
total diel amplitude (daytime maximum — nighttime mini- nocturnal boundary layer (NBL) and the so-called residual
mum) of the ambient ozone mixing ratio. It was found to be layer (starting a few tens to hundreds of meters above the
four times higher in the dry than in the wet season (Fig. 5d).canopy top, with high @mixing ratios) caused by thermally
In addition, the daytime maximumdnixing ratio inthe dry  driven turbulent mixing which starts shortly after sunrise.
season also penetrated deeper into the canopy (Figs. 8a afithe decrease of ozone after sunset (18:00LT) is almost as
b). Accordingly, during the wet season period, the storagepronounced as the morning increase. At that time of day the
change correction was rather small and had little effect onsurface layer over the forest canopy starts to stabilize with
the more or less symmetric behavior of the measurgth@ the establishment of the NBL (Nobre et al., 1996). During
(Fig. 8c). This is in accordance with the wet season meathe night, the NBL gets decoupled from the rest of the mix-
surements over the rain forest in central Amazonia by Fan eing layer preventing the further supply ofs@rom above.
al. (1990), where the diel variation of the meagpix was  Furthermore, the NBL itself is usually not well mixed (weak
also hardly affected by any storage correction (yet with onlyturbulence due to low windspeeds and stable stratification)
half the daytime @ mixing ratios compared to RBJ). How- and the near surface layers get depleted of ozone by deposi-
ever, during the dry season experimental period (see Fig. 8djion and chemical reactions. Thus the speed of the evening
the storage term was considerably enhanced due to the larg@s decrease depends on the stability of the NBL and on the
diel variation of the ambient ©mixing ratio. sink strengths within the forest canopy (see Sect. 5.3).

The diel cycle of the storage term depends in detail on The effect of the storage correction on the diel course of
when and how fast the £omixing ratio changed with time. the Q; flux was significantly different between the two dry
Shortly after sunrise, a massive increase of the n@x- seasorSHD regimes (Fig. 10). For lo8HD cases, the rel-
ing ratio was observed during both measurement campaignatively symmetric course of the measured flux was hardly
(Figs. 8a and b), somewhat more pronounced for the dry seachanged by the storage correction, and a similar behavior is
son period. It implies a considerable downward flux @f O generally found in the wet season (Fig. 8c). During periods
from higher layers into the near-surface layer. Thisii@ut of high SHD, the early maximum (Fig. 10b, 10:00LT) of
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the measured 9flux was shifted towards the afternoon The nighttime @ fluxes are almost identical for both sites.
(Fig. 10b, 15:00LT) by the storage correction leading to aThe corresponding ©deposition velocities of 0.26 cnT$
totally different asymmetric shape of the resulting diel depo-(Ducke) and 0.45 cnTs (RBJ) are much lower than the day-
sition flux. time values and show a larger difference, which may, how-
Summarizing, during the dry season (when biomass burnever, be considered as hardly significant in view of the al-
ing results in high ambient Omixing ratios) the storage ready mentioned uncertainty of nocturnglat low Oz mix-
change effect is of similar magnitude to the measured O ing ratios.
flux. The G storage change correction altered the magni- For the tropical dry season, there are no direct tower-
tude as well as the diel variation of the measuregdfiQx. based flux measurements (eddy covariance) reported so far.
This finding is very similar to what has been reported for The majority of available experimental results is based on
the CQ exchange over the Brazilian rainforest during ear- airborne measurements. Very high meag @eposition
lier experiments (see e.g. Grace, 1995; Malhi et al., 1998)fluxes of about—27 nmolnT2s! and —40 nmoln2s~?
Measured CQ fluxes had to be substantially corrected for have been determined for central Amazonia with boundary
CO, storage change to permit an appropriate analysis ef CO layer budget approaches (Gregory et al., 1988; Kirchhoff et
source/sink mechanisms needed for interpretation and modal., 1988). Gregory et al. (1988), whose Profiles were
eling purposes. Since previous dry seas@rstdies in the  obtained by aircraft measurements, assess their estimate as a
tropics (see Table 1) did not consider thg €orage change lower limit for the deposition flux, because possible bound-
term and only a small influence from it was reported for tem- ary layer Q sources have not been considered in their budget
perate forests (e.g. Lamaud et al., 2002; Munger et al., 1996);alculations. However, as stated by the authors, their mean
our dry season results represent the highest ozone storage efeposition velocity of-5cm st seems to be unrealistically

fects in forest deposition experiments reported so far. high. The huge @fluxes reported by Kirchhoff et al. (1988)
probably imply a similarly high deposition velocity.
5.2 Mean deposition velocities and fluxes Ozone deposition fluxes measured above tropical forests

in central Africa, mainly in Congo, are somewhat lower. An

Table 1 gives a survey of mean fluxes and deposition velocaverage @flux of —15 nmol nT2s~! was obtained for early
ities determined in this study together with results for tropi- morning situations by Cros et al. (1992), using a budget ap-
cal rain forest reported in the literature. The correspondingproach on the basis of verticak@rofiles from tethered bal-
experiments took place in Amazonia and Equatorial Africa.loon measurements. But the reported large variability of the
For comparison purposes, mean (median) values for LBA-estimates together with the rather high deposition velocities
EUSTACH 1 and 2 were calculated for the same diel in- of ~5cms! make the results questionable. During a later
tervals as used in those studies. When comparing resultexperiment, Cros et al. (2000) obtained fluxes of similar
of different sites and experiments, the @eposition veloc-  magnitude, around-14 nmolm2s~1, during the morning
ity, vg, is generally more meaningful (representative) thanhours by direct airborne eddy covariance measurements and
the & flux, because it is normalized for the different am- by an atmospheric boundary layer budget approach. Based
bient ozone mixing ratios. But, it has to be considered thaton corresponding ©mixing ratios, they determined a mean
vq is generally defined for a certain measurement height ofdeposition velocity of about 1.5cm$. These values are
flux and mixing ratio that might differ between the studies. considerably higher than the mean @ux and deposition
This effect is not very important for daytime conditions when velocity observed during the dry season experiment at the
the boundary layer is relatively well mixed and the vertical RBJ tower (7.7 nmolnt2s~1 and 0.6 cm s, respectively)
mixing ratio gradients are small. However, during the night for a comparable time interval (08:00LT to 13:00LT). But
the relative vertical mixing ratio gradients usually become the airborne methods have not taken into account the storage
large, and then only rough comparisons of deposition veloc-change within and just above the forest, which was found to
ities (and also fluxes) between different studies are possiblebe large at RBJ especially in the morning hours (Table 1).
This problem is enhanced by the generally high uncertaintyMoreover, it has to be considered that the measurements in
of nighttime deposition velocities representing the ratio of Congo have been performed at the beginning of the local dry
small and error-prone fluxes and mixing ratios. season. Probably due to that reason, they agree much better

There is only one other eddy covariance flux experi-  with the results of LBA-EUSTACH 1 (end of the wet season)
ment at a tower site above a tropical rain forest canopy, whichwith a mean @ deposition velocity of 1.4 cnig (1.5cms?t
was performed by Fan et al. (1990) during the wet seasorwithout storage correction) between 08:00 LT and 13:00 LT.
for 17 days in central Amazonia (Reserva Ducke, near Man4t can be stated that the mean daytimgd@position velocity
aus). Their mean daytime deposition velocity of 1.8cths of 0.5cm s obtained for the dry season experiment at RBJ
was considerably higher than the 1.1 cmh sbtained at RBJ  is much lower than any results reported in previous tropical
during the wet season experiment. But, with approximatelyrain forest studies.
two times lower mixing ratios at Reserva Ducke, the mean
daytime flux was somewhat lower than at RBJ (see Table 1).
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However, it is comparable to findings above temperateRottenberger et al. (2005) investigated the physiology of the
forests during summer (daytime means of about 0.4cms local tree specieblymenaea courbaril. at RBJ as a func-
by Lamaud et al., 2002; and about 0.6 cmh &y Munger et tion of the developmental state and found that at the begin
al., 1996) and recent results of Matsuda et al. (2005) fromof October significantly higher stomatal resistances occurred
a partly leafless tropical savanna teak forest during the dryat senescent as well as fresh leaves compared to already ma-
season in northern Thailand (ca. 0.4 ch)s tured foliage towards the end of the month. There is only a

Nocturnal @ deposition over the Congo forest at the weak consideration of the late dry season period in the model
end of dry season was determined by Andreae et al. (1992%alibration by Wright et al. (1996), and thus their parameter-
by a budget approach using aircrafg @rofile measure- ization is probably dominated by the physiological behavior
ments. They estimated a mean @eposition flux and ve- of mature foliage.
locity of —2.5nmolnT?s™1 and 1.2cms!. Correspond- The observed regular exposure of the tropical trees to very
ing values at RBJ during the dry season experiment arédiigh Oz mixing ratios ¢50 ppb, afternoon) might cause per-
—2.4nmoln2s~1 and 0.4cms! (without storage correc- manent plant damage. In a greenhouse experiment by Gut
tion for better comparability with aircraft measurements). et al. (2002b) young tropical tree species showed substan-
While the Q fluxes agree quite well, deposition velocities tial leaf damage (S. Rottenberger, personal communication)

differ by a factor of three. after a few days of @fumigation (daytime maximum val-
ues of ~60ppb). On the other hand, it was recognized,
5.3 Ozone deposition mechanisms e.g. by Fuhrer et al. (1992), that the impact on plants might

be more closely related to the internal @ose or the flux of

The mean diel course of the deposition veloejy (Figs. 8e,  Os through the stomata than to the exposure to high ambi-
f) and the bulk canopy resistanée (Figs. 9e, f) exhibit a  ent O; mixing ratios. As the @ flux at RBJ was found to
clear seasonal difference during daytime. For the wet seasobe reduced during periods of extreme Rixing ratios (due
period, R, shows a symmetrical form of the diel variation to simultaneously occurring high specific humidity values),
analogous to the £deposition flux. The daytime mean value adverse consequences for the forest might be limited.
of R.=55snT?! is not much larger than the corresponding  During the dry season campaign the mean nocturnal flux
sum of R,+Ry. Thus, the forest canopy represents a highlywas about 60% of the corresponding daytime flux (see Ta-
effective sink for ozone in the wet season. In contrast, day-ble 1). Under the assumption that leaf stomata are closed
time meankR, during the dry (burning) season experiment during the night, the ozone deposition must be explained by
was about three times higher than in May, to a large part asther removal mechanisms in the forest canopy that may have
a response to the high&HD, as demonstrated in Fig. 10. been masked during daytime by the dominant stomatal up-
Similar values of the modeled bulk stomatal resistaRge, take. Possible pathways are (i) the deposition to the ground
indicate that daytime @deposition is mainly controlled and surface and (ii) to outer plant surfaces (leaves’ cuticles, bark)
almost fully explained by stomatal uptake. Also the highly as well as (iii) the chemical loss due to reaction with NO
asymmetric course ak. in the dry season with lowest val- (Reaction R3). The first mechanism was quantified by Gut
ues in the morning and a distinct increase during the day cart al. (2002b) and is included in Figs. 8c and d. Its effect
be attributed to the limiting effect d8HD showing similar  is very small during both seasons and does not significantly
diurnal behavior (Fig. 5c), which is in accordance with the contribute to the observed nighttime deposition.
porometer-based measurements of McWilliam et al. (1996), The contribution of the N@chemistry to the ozone bud-
who found a clear dependence of canopy stomatal resistanaget as calculated from the respective concentration profiles
on SHDwith a similar diurnal course at the RBJ site. is also displayed in Fig. 8. During nighttime, in the dry sea-

In the high SHD regime (Fig. 10d) with generally in- son, it represents a considerable, relatively constant sink of
creased resistances, clearly higierthan R, o, values are  the order of 2 nmol m?s-1. This is much higher than the
observed before noon. Two different explanations might bemean NO soil emission of 0.3 to 0.4 nmot#s~! obtained
possible. The storage correction of the measurgdiax by Gut et al. (2002a) and Rummel et al. (2002) via direct
might be overestimated due to horizontal advective contribuflux measuring techniques (dynamic soil chamber and eddy
tions to the @ budget, which are not considered in Eq. (1). covariance) for that period. Most likely, NO-rich air orig-
Particularly during periods of high biomass burning, suchinating from biomass burning and advected within the sta-
an influence can not be ruled out, although no systematidle nocturnal boundary layer is contributing significantly to
effect of wind direction has been found. Another possibil- the chemical @ sink at night. Between midnight and sun-
ity to explain the differences betweeR. and R, o0, may rise this can explain the major part of the observed flux. In
be the inadequate consideration of the developmental stateombination with the continuously decreasing ambiegt O
of the canopy in the stomatal resistance model of Wright etmixing ratio (Fig. 8b) it may also explain the peak in the de-
al. (1996) (see Sect. 3.3). Shortly before and during our exposition velocity around 04:00LT. Yet the high uncertainty
periment at the end of the dry season, most deciduous treender these conditions, and a reduced data coverage due to
species shed senescent foliage and developed fresh leavegorous application of rejection criteria (Sect. 3.1) have to
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be taken into account. during both campaigns, using a combination of soil cham-
During the first half of the night, the ozone deposition flux ber and micrometeorological profile techniques. As shown
is 2-5 times higher than the chemical sink, also as a resulin Fig. 1, the pasture site Fazenda Nossa Senhora (FNS) is
of the large storage change effect. After sunset, the higlonly about 60 km southwest of the RBJ forest site and thus
evening @ mixing ratios of the dry season experiment were experiences the same seasonality and similar weather condi-
rapidly depleted indicating another effective ozone removaltions. In order to make the data of Kirkman et al. comparable
mechanism besides the chemical loss reaction with NO. Anto the results of our study, they have been subjected to a re-
dreae et al. (1992) came to a similar result for their earlyevaluation using equivalent rejection criteria as described in
night experiment in the Congo (see Table 1). They estimatedsect. 3.1.
the chemical contribution to §3eposition as only about 35% Figure 11 displays the diel variations of mediag @ix-
by assuming the relatively high NO dry season soil emissiongng ratios, fluxes, and deposition velocities at both sites and
measured by Kaplan et al. (1988) in central Amazonia. Infor both seasons. It shows that the ambiegin@xing ratios
both cases, a significant additional sink is necessary to closat both sites were very similar during daylight hours. Over-
the early night ozone budget. A possible process is deposiall seasonal mean values, based on the 24 individual hourly
tion to the leaf cuticles (outer surfaces). For the present studymneans, and the resulting percentage gid®position to pas-
there is no independent quantitative information about thisture (FNS) compared to forest (RBJ) are listed in Table 2.
mechanism. Taking the typical residual (non-explained) partFor comparing total ozone deposition, the arithmetic aver-
of the deposition velocity during early night of the dry seasonage is the most reasonable quantity, since it represents an
in the order of 0.4 cms!, the corresponding bulk surface re- integral measure. For deposition velocities, however, a 24 h
sistance must be as low as 250smThis value is not very mean is not very meaningful due to the distinct diel course of
plausible for a cuticular resistance during daytime, since it isthe 0zone mixing ratio and the uncertainty of nighttime data.
comparable to the daytime bulk stomatal resistance and thé&herefore, in accordance with the results in Table 1, daytime
latter already explains the observed @eposition to a sat- median values fov; are shown.
isfying degree. However, Zhang et al. (2002) and Altimir et  The total @ flux to the grass pasture site was found to
al. (2006) found for forest and other ecosystems that the nonbe 70% of the flux obtained for the RBJ rain forest during
stomatal canopy resistance (attributed mainly to cuticular dethe wet season experiment (May). As shown in Fig. 11a,
position) strongly depends on relative humidity and surfacethe main part of this @flux difference originates from day-
wetness. For high values of relative humidity (above 70-time hours. Because of the similar ozone mixing ratios of
80%), often observed during nighttime, they report stronglythe neighboring sites, the ratio of daytime deposition veloci-
decreasing canopy resistance values comparable in magriies shows, with 58%, a slightly lower but comparable value.
tude to our results. Therefore, we attribute the considerabléConsequently, the difference between pasture and forest is
nocturnal ozone deposition, which is not explained by chem-mainly explained by the daytime bulk canopy resistances.
ical reactions, to uptake by the leaf surfaces. Yet, a disturbingthe meang, of the forest canopy is about 55 Stduring
influence of errors in the nocturnal flux measurements, or ofdaytime (see Sect. 4.3), only half of the megnof the pas-
deviations from the ideal assumptions of the ozone budgeture canopy of 100smt (Kirkman et al., 2002).
(e.g. advection effects as mentioned above) cannot be com- During the dry season campaign, there is a different pic-

pletely excluded. ture. The Q flux ratio between the FNS pasture and RBJ
forest is 82%, somewhat larger than during the wet season
5.4 Deforestation impact on ozone deposition experiment. However, the corresponding ratio of daytimne

is about 100%. Figure 11b shows that for thefldx during
Since total ozone deposition to a vegetated surface is largelgaytime there are no significant differences between the two
controlled by plant physiological mechanisms, any (largeecosystems. This indicates a very different seasonal variation
scale) change in land-use is expected to result in a changef R, at both sites. Whereas the meRp for the RBJ pri-
of ozone deposition and may thus affect regionglkind- mary rain forest during September—October was three times
gets. This might particularly be the case for the Brazilian higher than in May (see Sect. 4.3), no significant difference
state of Rondnia, where large areas of primary rain forest in R. was found between both seasons for the FNS pasture
are continuously deforested and subsequent development {&irkman et al., 2002). This is most likely a consequence of
cattle pastures takes place (cf. Kirkman et al., 2002). Thea weaker response & at FNS to specific humidity deficits
average deforestation rate in central Romid increased be- (SHD) and is in accordance with the porometer-based mea-
tween 1990 and 1999 fromy1.2% per year to~3.4% per  surements of McWilliam et al. (1996). They found no signif-
year (Roberts et al., 2002). The LBA-EUSTACH 1 and 2 ex- icant dependence of the stomatal resistance at FNSHiD)
periments offered the unique possibility to establish a directin contrast to a clear dependence of canopy stomatal resis-
and comprehensive comparison of Gptake by pasture and tance onSHD at the RBJ site. Moreover, since the grass
rain forest, since Kirkman et al. (2002) measuredd®posi- canopy at FNS exhibited also considerable gaps exposing
tion at a cattle pasture site simultaneously to the forest workbare soil patches, probably a large fraction afd@position
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Table 2. Comparison of average ozone flux (hmatfs~1) and daytime median deposition velocity (ciit$ measured at Rebio Jaru (RBJ)

and Fazenda Nossa Senhora Aparecida (FNS) during both LBA-EUSTACH experiments. “Ratio” is the percentage of the corresponding
pasture to forest values. Also listed are the average values and corresponding ratios based on the results of Sigler et al. (2002). “RD” is the
Reserva Ducke rain forest site in central AmazonfbR2S, 5957 W).

Data Source Season Site  flux (24 h) Ratio vg (dayf Ratio
RBJ  —-2093 1.2

LBA-EUSTACH2 Wet  eNs  _pos (0% 07  58%
(this study and Kirkman et al., 2002) RBJ —5.69 0.6

DYy  Ens —s468  82% 06  100%
ABLE 2BP (Fan et al., 1990) RD ~1.82 1.6

0, 0,
LBA-TRMMEC (Sigler etal., 2002) €' pFns 155 8% o5  31%

2 LBA-EUSTACH 1 data periods: 4 to 22 May 1999 (RBJ), 1 to 17 May 1999 (FNS). LBA-EUSTACH 2 data periods: 21 September to
20 October 1999 (RBJ), 24 September to 20 October 1999 (FNS).

b RD data from ABLE 2B experiment 22 April to 8 May 1987.

€ FNS data from LBA-TRMM experiment January/February 1999.

d Overall averages of hourly means.

€ Medians of daytime hourly means.

Wet season Dry season
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Fig. 11. Mean (median) diel variation of quantities related to ozone deposition at the FNS pasture and RBJ forest sites during the wet season
experiment (left panels) and the dry season experiment (right panels). Rgreeisl(b): O3 mixing ratio at FNS (brown) and RBJ (green),

storage corrected deposition flux at FNS (red) and RBJ (dark green); Rehated (d): deposition velocity at FNS (red) and RBJ (dark

green). Orange and yellow shaded areas represent interquartile ranges for the FNS results.

was due to direct deposition to bare soil surfaces. The mair2002), (ii) higher aerodynamic surface roughness, and (iii) a
contribution to the difference in total{@leposition between larger LAI (i.e. non-stomatal uptake) at the RBJ forest site.
RBJ and FNS during the dry season experiment originate€onsiderably larger &fluxes at RBJ (Fig. 11b) occur during
from the nighttime observations, mainly as a consequence othe first half of the night in accordance with the highey O
(i) higher NO soil emission (Gut et al., 2002a; Kirkman et al., mixing ratios compared to FNS during that time of day.
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A previous estimate of contrastings@ptake by pasture The reduced @ uptake during the dry season was also
and rain forest was made by Sigler et al. (2002) for wet seavisible in the comparison between;@eposition to cattle
son conditions only. They reportzdluxes from the same pasture and to primary rain forest. As a result, the effect
pasture site (FNS), but measured in January and Februargf forest-pasture conversion on ozone deposition is less dur-
1999, and compared them to the wet season results for a pring the dry season (pasture/forest flux ratio = 82%) than dur-
mary rain forest in central Amazonia (Reserva Ducke; RD)ing the wet season (70%). Whether these reduction effects
obtained 12 years earlier (Fan et al., 1990). To make their reare representative for the whole of Amazonia depends on the
sults comparable to ours, we re-evaluated the data in Fig. 6 gbhysiological response of the different rain forest canopies,
Sigler et al. to obtain overall average fluxes and daytime mee.g. in central Amazonia, and on the seasonal variations of
dian deposition velocities (also listed in Table 2). The result-environmental conditions likSHD and soil water availabil-
ing Oz flux ratio of FNS over RD is 85%, which is somewhat ity.
larger than the corresponding ratio (70%) of FNS over RBJ
during the wet season campaign. However, the ratio pf O AcknowledgementsThis study was supported by the “Envi-
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