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Abstract. We estimated the isoprene and monoterpenewere by far higher than observed, indicating that chem-
source strengths of a pristine tropical forest north of Man-ical processes may not be adequately represented in the
aus in the central Amazon Basin using three different mi-model. The observed vertical gradients of isoprene and its
crometeorological flux measurement approaches. During the@rimary degradation products methyl vinyl ketone (MVK)
early dry season campaign of the Cooperative LBA Air- and methacrolein (MACR) suggest that the oxidation ca-
borne Regional Experiment (LBA-CLAIRE-2001), a tower- pacity in the tropical CBL is much higher than previ-
based surface layer gradient (SLG) technique was appliedusly assumed. A simple chemical kinetics model was
simultaneously with a relaxed eddy accumulation (REA)used to infer OH radical concentrations from the verti-
system. Airborne measurements of vertical profiles withincal gradients of (MVK+MACR)/isoprene. The estimated
and above the convective boundary layer (CBL) were usedange of OH concentrations during the daytime was 3—
to estimate fluxes on a landscape scale by application 08x10° moleculescm?, i.e., an order of magnitude higher
the mixed layer gradient (MLG) technique. The mean than is estimated for the tropical CBL by current state-of-the-
daytime fluxes of organic carbon measured by REA wereart atmospheric chemistry and transport models. The remark-
2.1mgCnr2h~1 for isoprene, 0.20mgCnfh! for «-  ably high OH concentrations were also supported by results
pinene, and 0.39 mg C™ h~1 for the sum of monoterpenes. of a simple budget analysis, based on the flux-to-lifetime re-
These values are in reasonable agreement with fluxes detelationship of isoprene within the CBL. Furthermore, VOC
mined with the SLG approach, which exhibited a higher scat-fluxes determined with the airborne MLG approach were
ter, as expected for the complex terrain investigated. The obenly in reasonable agreement with those of the tower-based
served VOC fluxes are in good agreement with simulationsREA and SLG approaches after correction for chemical de-
using a single-column chemistry and climate model (SCM). cay by OH radicals, applying a best estimate OH concen-
In contrast, the model-derived mixing ratios of VOCs tration of 5.5<10° moleculescm?®. The SCM model cal-
culations support relatively high OH concentration estimates
Correspondence tdJ. Kuhn after specifically being constrained by the mixing ratios of
(kuhn@mpch-mainz.mpg.de) chemical constituents observed during the campaign.
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The relevance of the VOC fluxes for the local carbon bud- Furthermore, tropical forest ecosystems play a major role
get of the tropical rainforest site during the measurementsn global carbon sequestration (Tian et al., 1998; Botta et
campaign was assessed by comparison with the concurre., 2002). A fraction of the assimilated carbon is reemit-
CO, fluxes, estimated by three different methods (eddy cor-ted as VOCs by terrestrial vegetation. While VOC emis-
relation, Lagrangian dispersion, and mass budget approach¥ions may be small in relation to net primary productivity
Depending on the C&flux estimate, 1-6% or more of the (NPP), the amount of carbon lost as VOC emissions can be
carbon gained by net ecosystem productivity appeared to bsignificant relative to the net ecosystem productivity (NEP)
re-emitted through VOC emissions. or net biome productivity (NBP), respectively (Guenther et
al., 1995; Guenther, 2002; Kesselmeier et al., 2002). On a
global scale VOCs are emitted at an estimated 1.2 PgCa
(Guenther et al., 1995), a number of the same magnitude
1 Introduction as the mean annual increase of £ the earth’s atmo-

sphere, and the carbon sink by the terrestrial biosphere (3.2
The Amazon Basin, one of the most productive terrestrialand 2.4 Pg Cal, respectively; ICPP 2001). Isoprene and
ecosystems of the Earth, plays an important role in globaimonoterpenes are estimated to account for the major share
atmospheric chemistry and physics, and any change in thef VOC emissions, and tropical vegetation constitutes their
atmospheric chemical processes in this area can have fargest single source (Guenther et al., 1995).
profound impact on global climate (Andreae and Crutzen, Considering the importance of tropical ecosystems on at-
1997). Photochemical reactions of volatile organic com-mospheric processes, global carbon sequestration, and VOC
pounds (VOCs) have a significant influence on atmospherie@mission strength, available data on the exchange of VOCs
ozone (@), the hydroxyl radical (OH), precipitation acidity, in these regions are still scarce. In view of the vast biodiver-
and aerosol formation, among others. Previous studies havsity of tropical forest ecosystems, with an estimated 35000
indicated that the influence of isoprene and monoterpene respecies of angiosperms in the Amazon Basin alone, the ex-
actions on important aspects of atmospheric chemistry cafrapolation of single species-specific exchange studies based
be substantial, as these compounds play an important rolen the leaf and branch level can hardly be sufficient to ade-
in shaping the odd hydrogen photochemistry and regionaluately characterize landscape exchange rates. Tower-based
ozone production of remote areas (Goldan et al., 2000). Theind airborne multi-scale micrometeorological flux measure-
dominating role of biogenic VOCs in the chemistry of the ment techniques can quantitatively integrate emissions at the
lower troposphere is due to (i) their greater abundance in refandscape scale in a more representative manner. Several re-
mote areas, especially in the tropics, and (i) their high atmo-cent studies have considered VOC fluxes, but still the signif-
spheric reactivity compared to the majority of anthropogenicicance of VOC exchange between tropical terrestrial ecosys-
VOCs (Fuentes et al., 2000). tems and the atmosphere in regional and global carbon cy-

The principal oxidizing agent in the troposphere that dom-cling remains poorly understood (Zimmermann et al., 1988;
inates the daytime removal of most gaseous pollutants ifRasmussen and Khalil, 1988; Helmig et al., 1998; Serca et
the OH radical, which can be conceived as a measure foal., 2001; Geron et al., 2002; Rinne et al., 2002; Greenberg
the self-cleansing capacity of the atmosphere, and is thereet al., 2004; Karl et al., 2004).
fore dubbed the “detergent” of the atmosphere (Andreae and The Cooperative LBA Airborne Regional Experiment
Crutzen, 1997). It governs the atmospheric lifetime of VOCs, (LBA-CLAIRE) project forms part of a series of inte-
carbon monoxide (CO), as well as of the greenhouse gasegrated airborne and ground-based campaigns, as part of the
methane (Ch), HCFCs, and CkBr, and thus maintains the Large-scale Biosphere-Atmosphere Experiment in Amazo-
chemical composition of the atmosphere. The productionnia (LBA). During the intensive LBA-CLAIRE 2001 cam-
of OH radicals is believed to occur largely via photolysis paign, continuous tower-based relaxed eddy accumulation
of ozone followed by subsequent reaction of the emerging(REA) observations of canopy-scale VOC fluxes in a remote
O(*D) with water vapour and by photolysis of formaldehyde tropical rainforest site north of Manaus were run simulta-
(HCHO) (Tan et al., 2001). The production of OH radicals is neously with measurements using a surface layer gradient
at the maximum in the tropics, as the ingredients (UV radi- (SLG) flux approach. Both methods integrate over an up-
ation and water vapour) are at a high level. Hence the tropwind footprint area of typically 2-3k# but do not inte-
ical troposphere is assumed to be responsible for the majograte the large-scale spatial diversity of the tropical rain for-
share of the global atmospheric oxidation of long-lived gasesest, with clearings, rivers and the vast biodiversity of vegeta-
However, current atmospheric chemistry models tend to pretion species composition. In addition, VOC vertical profiles
dict that high mixing ratios of VOCs cause substantial reduc-within and above the convective boundary layer (CBL) were
tions in OH radical concentration in the lower troposphereinvestigated by aircraft measurements. These were used to
of tropical areas (e.g. Warneke et al., 2001; Lelieveld et al.infer VOC fluxes on a landscape scale by application of a
2004), and real measurements of OH radical concentrationmixed layer gradient (MLG) approach, which, however, in-
in the “Great Tropical Reactor” are not yet available. volves other uncertainties, such as an increased influence of
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the assumptions made on boundary layer turbulence, dynam-jsmm?
ics, and atmospheric chemistry. For reactive scalars like bio- -

genic VOCs the timescale of atmospheric chemistry may be
similar to the convective eddy turnover time.

Our results seek to contribute to a better understanding s
of the source strength, the persistence, and fate of biogenicil

the relative contribution of the VOC emission with respect
to ecosystem carbon exchange, and (iii) do current chemistry %
models accurately predict VOC emission fluxes, mixing ra- B8
tios, and their fate in the tropical atmosphere with regard to e
the oxidation capacity?
Fig. 1. Overview of the measuring site, with pristine rainforest in
the majority of the footprint area of the tower-based (K34) and air-

2 Material and methods borne measurements, respectively. The solid lines with dots repre-
sent the 6-h back-trajectories calculated for the individual time pe-
2.1 Site characterization riods of the flight measurements, for 100 m (red) and 500 m (green)

heights above the K34 tower site using the output of the HYSPLIT

To assess the regional VOCs and carbon balance, direct fluf©d€! (NOAA Air Resources Laboratory) as an overlay on Google
' arth (Google Earth™ mapping service). The cyan line represents

and profile measurements were carried out in the Reservﬁ] : g ; . . :
Biologica do Cuieiras. an undisturbed mature lowland rain e typical flight pattern, which consisted of a continuous spiral up
g ! from >50 m to>3000 m in altitude in the vicinity of the K34 tower,

forest r?serve of thénstituto Nacional de Pesquisas da followed by a stepwise descending pattern with 6 flight legs, one on
Amadnia (INPA) (Andreae et al., 2002). Tower-based flux top of the other.

data were collected from a 52 m walk-up scaffolding tower

(K34), located on a medium sized plateau 48%33’S;

60°1227" W, about 60 km NNW of the city of Manaus, in jan classification) or oxisol (U.S. classification), with clay

central Amazonia (Fig. 1). The K34 tower has been oper-and sand contents of 80% and 10%, respectively. Hodnett et
ational for eddy correlation COflux estimates since July al. (1996) calculate the available water capacity to be about
1999. 70mm 11 in the upper meter and about 30 mmtrbelow

In general this area exhibits a small-scale relief of plateau® m. They estimated that the maximum water uptake below
and lowlands that has favoured a pattern of dense vegete? m depth by vegetation can reach 250 mm in a dry year. The
tion with higher trees located on the plateaus and a palm-ricttlimate at this site is characterized by little seasonal varia-
open forest in the lowlands (Ribeiro et al., 1999). As demon-tion in temperature and solar radiation and a large seasonal
strated by Arajo et al. (2002), the footprint of the Cuieiras variation in rainfall. A short dry season from July to October
site shows a relatively low fraction of plateaus (40% within occurs when the Intertropical Convergence Zone (ITCZ) is
1 km radius). The old-growth tropical wet forest canopy hasat its northern extreme. Details of the site are described in
a height of approximately 35m (Roberts et al., 1996), a to-Malhi et al. (1998, 2002), Aiigo et al. (2002), and Andreae
tal single sided leaf area index (LAI) of 4.6, and a maximum et al. (2002).
leaf area density of 0.65 at mean canopy height (Simon et
al., 2005). These values are in good agreement with LAl val-2.2 Trace gas collection and analysis
ues of 4-6 estimated by other authors for terra firme forest
ecosystems (e.g. McWilliam et al., 1993; Kruijt et al., 2000; Three different sampling/analysis systems were used to mea-
Andreae et al., 2002). Even though tree demography is exsure VOCs. For most of the measurements, ambient air sam-
tremely complex due to the vast biodiversity, thecythi-  ples were collected on solid adsorbents for off-line analy-
daceae, Sapotaceae, Euphorbiaceamd Caesalpinaceae sis in the lab. The majority of airborne and all ground-
families are found most frequently (Jardim and Hosokawa,based SLG samples were collected on 2-bed graphitic car-
1987). Above-ground dry phytomass has been estimatetbon adsorbents and analyzed using a thermal desorption gas
at 344-393 Mg ha! (Klinge et al., 1975) in this forest. A chromatograph with a flame ionization detector (GC-FID)
more recent paper reports fresh above-ground phytomass @fs described in Kuhn et al. (2002; 2004a). Samples were
561 Mg ha'l, a basal area of 29hha 1, and phytomass vol-  collected by drawing air through fused silica-lined stain-
umes of 438 ha! (Higuchi et al., 1998). The soils in less steel cartridges (89mm length, 5.33mm 1.D., Silicos-
this area are characterized as a yellow clay latosol (Brazilteel, Restek, USA) packed with sequential adsorbent beds
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6 tention features and selective ions of biogenic VOCs, their
degradation products, calibration and quality assurance pro-
5 | cedures are described in detail in Ciccioli et al. (2002). The

detection limits were in the same range as for GC-FID anal-
ysis. Dominant monoterpene species detected by both solid
adsorbent analytical systems (CG-FID and GC-MS) were
pinene,B-pinene, myrcene, limonene, apecymene.

For airborne measurements, stainless steel canisters of 6 L
volume were used as an additional backup system for iso-
prene analysis. These canister samples were analyzed with a
gas chromatograph equipped with a FID and coupled MS ac-
cording to Trostdorf et al. (2004). Reasonable agreement was
achieved for isoprene mixing ratios derived by cartridges an-
alyzed with GC-FID and canister samples (Fig. 2). The cor-
relation analysis reveals a relatively high scatter, but an ex-
-1 cellent agreement in the mean of both data sets (slope=1.04;

-1 0 1 2 3 4 5 6 R?=0.62). In general a high scatter is expected from the
snap-shot sampling characteristic of the canister technique
compared to cartridge (15 min, at flow rates of 200 mImdin

Fig. 2. Comparison of isoprene mixing ratios observed during air- sampling, with short sampling intervals being less represen-

borne measurements by solid sorbent cartridge sample coIIectioH"’ltiVe for mean CBL mi).(ing ratios.' Indiv?dual dow'n('jrafts
(MPIC) and by canister sample collections (IPEN), analyzed by dif- a_lnd updr_aft_s may contain substantially d_lfferent_ mixing ra-
ferent GC-FID systems. tios. Deviations from an ideal atmospheric gradient may be

observed if the sample collection period is shorter than the
average convective turnover time, i.e., if sampling times do

¢ h 1 | | not integrate over several large eddies. With typical horizon-
of 130mg Carbograph 1 (90%g™%, Lara s.r.l., Rome, ltaly) tal wind speeds of 5nTg, and the scale of some convective

1
followed by 130 mg Carbograph 5 (566w !). For the  ojgies being as large as the CBL depth, minimum sample
GC-FID technique, calibration was accomplished by US€;ya5 of 1530 min, or length of several hundred meters are

of different gaseous standards containing isoprene, Severgloqyeq to integrate over a representative air mass (Lenschow

n-alkanes,hmethyl yiny:.kgto?eh (MVKg’ and methacrolein o 5 “1980: Lenschow and Stankov 1986). The cartridges
(MACR). The detection limit of the method was estimated as ;v 764 with GC-MS, which were collected simultaneously

the greater of the variability in the blank levels (at the 95% \vith cartridges analyzed by GC-FID (2 of 8 flights), also

confidence level, i.e., 1.96 times the_ standard dev!at|on Ofshowed excellent agreement for monoterpene mixing ratios.
all blank valugs), or a chromatographic p(_aak_three times Fh%or isoprene, however, they indicated similar trends in verti-
standard deviation of the bgckgroqnd noise in the base ling,, profiles, but with a systematic relative underestimation of
of thg chromatograph. 'Va'rlabm.ty in the blgnk usually de- the absolute mixing ratios by a factor of 0.55. Since these dif-
f[ermmed the detection limit, which was typically 39 PPLTOT forences cannot be explained, and no systematic difference
isoprene and 10 ppt for monoterpenes. Hence, typical uncety ¢ fqng comparing isoprene mixing ratios derived by the

tainties reached 10% for isoprene at 1 ppb and ranged fron@C-FlD (SLG) and GC-MS (REA) during the tower-based

5 10 30% at 100 ppt for monoterpenes, depending on the Mmeasurements, it was decided to use the airborne isoprene

dividual monoterpene peak resolution and blank variability. data derived by GC-FID to calculate VOC fluxes from the
All REA samples were accumulated on cartridges filled MLG approach, based on purely statistical considerations.
with three graphitic carbon adsorbents according to Branca-
leoni etal. (1999). VOC were collected using glass cartridges2.3 Ground-based flux measurements
(160mm length, 3mm |.D.) packed with 118 mg Carbopack
C (12nf g1, Supelco, Bellefonte, USA), 60 mg Carbograph Isoprene and monoterpene fluxes from the forest canopy
1 (90n? g1, Lara s.rl., Rome, ltaly), and 115mg Carbo- were calculated from ambient air measurements using dif-
graph 5 (560rAg~1) in sequential beds. They were ana- ferent micrometeorological approaches, namely, the relaxed
lyzed by thermal desorption gas chromatography with mas®ddy accumulation (REA) and the surface layer gradient
spectrometric analysis (GC-MS). Positive identification and(SLG) techniques. The CQOeddy covariance (EC) fluxes,
quantitative determinations of all VOCs fromy @ Cy4 car- and concentration profiles of GOH,0, temperature, and
bon atoms were accomplished by running the mass speanomentum at the K34 site were part of a long-term mon-
trometer in the scan mode and by using reconstructed massoring project described in detail by Alig et al. (2002).
chromatography on specific ions for selective detection. ReThe VOC-REA system with a reversed geometry (Ciccioli et

Isoprene, cartridge samples (MPIC) [ppb]
w

Isoprene, canister samples (IPEN) [ppb]
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al., 2003), was installed at a height of 21 m above the mearandH the turbulent sensitive heat flux (W ). The quanti-
canopy top. Equations used for calculating VOC fluxes aretiesT,, u,, andH have been provided by the measurements
described in detail in Valentini et al. (1997) and Ciccioli et of a sonic anemometer which is part of the £&and HO

al. (2003). Only those cases were accepted, in which hourlyeddy covariance system at the K34 tower. VOC fluxes have
averaged values of the vertical wind)(were close to zero been calculated according to

(between—0.45 and +0.45m3') and the volume accumu-

lated in the updraft and downdraft traps did not differ more Fvoc = Vir x [Cvoc (2r.2) — Cvoc (2r.1)] @)
than 10%. From the experience gathered at this site, w
have found that the sampling volumes were balanced best i
a threshold oft0.65 (w) was used. This means that air was
sampled through the updraft (or downdraft) cartridge only 1< 1 and Cvoc (zr,2) —Cvoc (zr,1)

if the instantaneous vertical windspeed exceeqed this j[hres S ’ (Cvoc (zr.2) + Cvoc (z:1))/2 ~
old. In the conditions selected, the volume diverted in the @)
two reservoirs ranged between 50 to 60% of the total vol-

ume. Monitoring VOC fluxes by REA is part of a long-term Applying the SLG approach within the roughness layer
project aimed at assessing the seasonality of VOC fluxes inyf the forest may underestimate the flux rates (e.g. Garratt,
relation to CQ exchange. 1980). The importance of this effect is dependent on canopy
In the period of 17-25 July 2001, the REA flux measure- stryctures and surface characteristics (Simpson et al., 1998)
ments were complemented by canopy-scale flux measuresng was not accounted for in the present study. This way the
ments using the surface layer gradient (SLG) approach. Bothyyxes calculated by SLG are assumed to be a lower bound
methods were based on VOC collection on solid adsorbengstimate. According to the footprint analysis of Araujo et
cartridges, with simultaneous sample periods of 30 min, andy|. (2002) the measured daytime fluxes at the K34 tower are
amass flow of 150 mimin'. For SLG samples, VOCs were  representative of a 2—3 Knarea around the tower, although
collected on the tower at four different heights simultane- 3 smaller proportion¢10%) of the fluxes originates from an
ously (51, 42.5, 35.5, 28 m above ground) on an hourly basigrea beyond 10 kfraround the tower. The analysis supports
using automated VOC sampling systems that are describeghe assumption that the measured flux data represent an effec-
in detail by Kuhn et al. (2005). Test samplings with all four tjye spatial average over most medium-scale topographical

inlets mounted at the same height showed that the sampleigndscape elements in this area, including plateaus, slopes,
did not produce any bias exceeding the analytical uncertaintyang valleys.

VOC fluxes have been estimated according to the classical

aerodynamic method (Hicks et al., 1987; Ammann, 1999)2.4 Airborne measurements

as the product of vertical surface layer VOC gradients and

the turbulent transfer velocity;;,. The vertical VOC gradi- For the accurate vertical profiling of VOC mixing ratios from
ent has been determined as the difference between the twa0 to 3000 m above the canopy, we employed a Bandeirante
uppermost VOC concentration measuremepis31l m and  aircraft (model EMB 110B1) equipped with the same auto-
z1=42.5m above ground), which had the greatest distancenated VOC sampler as used for the tower-based SLG mea-
from the canopy topi.=35 m above ground)V;,, is simply ~ surements. The eight profiles reported here were obtained
the inverse of the aerodynamic resistaRgédetween the two  during the period of 5-17 July 2001, just in advance of the

he following criteria have been applied to reduce unavoid-
able noise of flux estimates

measurement heights, namely intensive tower-based flux measurements. Five of these pro-
- - - file measurements were made around midday (10:00-12:00
Ry =Vt = (ku) ™ x [ln (i) — Wy (’T) + ¥y (rf)] local time, LT), and three profile measurements were con-

) ducted in the late afternoon (16:00-18:00 LT). For each of the
respective flights a similar flight path and schedule was used.
wherex is the von Karman constant (=0.4), is the fric- A map showing the footprint area and the typical flight path
tion velocity (ms?), z.,=z;—d is the relative height (m), is given in Fig. 1. After take off at the airport of Manaus and
d=0.75h. is the so-called zero-plane displacement heighttransfer to the K34 tower site, the profile flight schedule con-
(m), Wy (z-i/L) is the dimensionless integrated similarity sisted of (i) a continuous spiral up fros’60 m to altitudes of
function (or integrated stability correction function) for heat >3000 m above canopy, followed by (ii) a stepwise descend-
(Hicks et al., 1987), and is the Obukhov length (m) given ing pattern with 6 flight legs, one on top of the other, in the
by vicinity of the K34 tower (Fig. 1). During each flight 2—4

3 samples were collected within the CBL for MLG flux cal-
Ty X uy X ¢cp X pPair

L=— (2) culations. A Global Positioning System (GPS) tracked the
kK xgxH aircraft’s position in longitude, latitude, and altitude.

whereT, is the virtual temperature,, is the specific heat of VOC sample collections were accomplished at constant

air at constant pressurgthe acceleration of gravity (m$), altitude and aircraft speed along the main wind direction,

www.atmos-chem-phys.net/7/2855/2007/ Atmos. Chem. Phys., 7, 2855-2879, 2007
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upwind of the K34 tower site. Each of these flight legs could be estimated as the lowest altitude at which the po-
allowed for a 15min cartridge sampling interval (at flow tential temperature profile showed a persistent change from
rates of 200 mimint). Each flight path covered a length well mixed to subadiabatic conditions. Where this was not
of ca. 65km to provide sufficient integration time to spa- clearly indicated, the profiles of 4D, CO, and other mea-
tially average over at least several eddies, in order to obtairsured trace constituents like CO, ozone, and aerosols were
representative mean CBL concentration profiles. The autotaken into account. The convective velocity scal&)(was
matic VOC sampler for solid sorbent cartridges allowed thedefined as (Deardorff, 1970)

collection of two samples simultaneously, and was used (i) s

for quality assurance samples, using the same type of car- . _ (§ < 0 x z~>3 5)
tridges and analysis, and (ii) to collect samples on different 0o !

types of adsorbents that were analysed by GC-FID and GC-

MS to cross-check identification and quantification of VOC whereg is the acceleration of gravity is the potential tem-

species. Occasionally, canister samples were collected i{l)eenrqat;rr;ua:zdgr']sdtthhis\'l“:gsgler\]/g;l:?Iluievif;:gﬁ;ﬁg?:g:ﬁ“;lc
the middle of each flight leg, with sampling times of a few P

seconds. These were used as a third backup system Specmeasurements for the specific time periods of the airborne

ically for isoprene determination. G&nd HO mixing ra- meas_urements within the CBL .

tios were measured by an infrared gas analyzer (Licor 62612ralr§m3rtvzr:1,ixtirr1\e) S;»?;ﬁ?ﬁ:%gﬁg;ﬁsbceal: fcr)(r))(til:;l;il}edn(te
setup according to Lloyd et al. (2002). After take-off, ambi- Krol eetal ZOOOQBanta and White, 2003) Ep 9
ent air from outside of the aircraft was continuously drawn " ' ' y:

through a ca. 5m long 1/4Teflon tube. The inletend was _ _ zi ®6)
forward of all engines, and was equipped with a Teflon fil- w*

ter of 2um pore size that was replaced prior to each flight. grrainment fluxes were estimated from the growth rates of
To avoid possible ozone interference, an ozone scrubber cony, cgL (between 0.01 and 0.05m's and the observed
sisting of multiple plies of Mn@-coated copper mesh (Type  cqncentration differences across the CBL top. The surface

TO341FC003, Ansyco, Karlsruhe, Germany) was mounted o5 were obtained by fitting the MLG equation to the mea-
in the sample line ahead of the VOC sampler. sured concentrations within the CBL with a least squares

. . . method. For further details see Spirig et al. (2004).
2.5 Flux estimation by the mixed layer gradient approach

2.6 Modeling of VOC emission and atmospheric chemistry

The CBL is subdivided into a surface layer (lowest 10%) and
a mixed layer (ML). While transport in the surface layer is For comparison and interpretation purposes, the biogenic
dominated by mechanical turbulence provided by the surfac&mission and chemical processing of VOCs in the tropi-
friction, transport in the ML is mainly due to convective tur- cal atmosphere have been simulated with a single-column
bulence, which is thermally driven (Fisch et al., 2004). The chemistry and climate model (SCM; Ganzeveld et al., 2002;
top of the CBL is determined in general by a capping inver-Ganzeveld and Lelieveld, 2004). The SCM has been
sion in the potential temperature profile. The ML is dom- constrained with the meteorological analysis of the Euro-
inated by convective eddies whose scales are comparable {gean Centre for Medium range Weather Forecast (ECMWF)
the depth of the entire CBL. Itis considered to be well-mixed, model, to simulate a realistic representation of the observed
i.e., the mean mixing ratio of a conserved scalar that is emitmeteorology (Ganzeveld et al., 2006a). VOC emissions were
ted from the ground is expected to decrease only graduallyalculated according to Guenther et al. (1995). The simula-
with altitude. The observed vertical profiles of VOC mixing tions represent atmosphere-biosphere exchanges for a forest
ratios were used to estimate fluxes on a landscape scale. ecosystem with a LAl of 5, a canopy height of 30 m, a rough-

The mixed layer gradient (MLG) technique calculates sur-ness length of 2m, and VOC and NO emission factors for the
face fluxes of passive scalars based on mean mixing rati®lson (1992) ecosystem class “tropical broadleaf seasonal,
differences in the ML. The MLG approach assumes a hori-with dry or cool season”.
zontally homogenous system, implying spatial homogeneity The model was nudged towards the observed free tropo-
in emissions and vertical mixing of the CBL. Vertical mix- spheric mixing ratios of a selection of long-lived trace gases,
ing ratio gradients within the mixed layer of any conserved e.g. ozone, CO and VOCs to mimic advective transport. The
scalardC/dz are then solely determined by surface and en-soil NO emission flux was calculated using a soil mois-
trainment fluxes, the height of the CBE Y, the convective ture representative for wet season conditions. Because the
velocity scale {*), and the non-dimensional bottom-up and simulated nocturnal concentrations of isoprene, MVK, and
top-down gradient function (Davis et al., 1994; Patton et al., MACR in the model were generally higher than were ob-
2003). The height of the CBL is defined as the height whereserved in tropical areas (e.g. Kesselmeier et al., 2000, 2002),
the potential temperature and other scalar profiles have #e model-simulated nocturnal mixing ratios of these com-
maximum of the variance (Stull, 1988). In most cages pounds have been forced (e.g., Ganzeveld et al., 2006b) to
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decrease steadily during the night, reaching minimum mix-
ing ratios below 0.2 ppb before sunrise. The reason for the
model's misrepresentation of the nocturnal depletion, e.g.
from nocturnal removal by turbulent mixing, dry deposition,

or residual layer chemistry, needs further investigation.
270

> 22,
05-17 Jujy 2001 (MLG)

3 Results and discussion

225

3.1 Meteorological conditions and VOC mixing ratios 180
05-17 July 2001 (MLG)

The LBA-CLAIRE 2001 campaign was carried out in the _ 30001

beginning of the dry season, when the Inter-Tropical Con- o
vergence Zone was located at caNs and air flow in the ~ E 00| ®
lowest 5 km of the atmosphere was dominated by easterly £ =
trade winds, which transported humid oceanic air masses = 1000 1 g
from the Atlantic over the forests of the Amazon Basin (Silva g E,

Dias et al., 2002). Airborne profile measurements were car- 0
ried out on six days in the period of 05-17 July 2001, and
tower-based flux measurements on seven days in the pe- 34401
riod of 17-25 July 2001. Weather conditions were simi-
lar for both periods, mostly dry and sunny, with intermit-
tent cloud patches travelling over the site. The local mean
daytime (09:00-18:00 LT) wind direction was predominantly
from the east for the tower-based flux measurements, with
only a slight shift to the south during the airborne measure- 0 . . PR,
ments (Fig. 3). Back-trajectories calculated using the HY- 00:00 06:00 12:00 18:00 24:00
brid Single-Particle Lagrangian Integrated Trajectory (HYS- Local time [hh:mm]
PLIT) model showed a consistent flow of air from the East
to the measurement site throughout the experimental periocrig. 3. Comparison of meteorological conditions during the two in-
The air parcel back-trajectories for the time frame of the in-tensive measurement periods, of 5-17 July 2001 for airborne MLG,
dividual flights are shown with the land cover in Fig. 1. The versus 17-25 July 2001 for tower-based REA and SLG. Upper
trajectory analysis showed no evidence of air having passeﬂane“ frequency distribution.of daytime wind directions (09:00—
over the nearby city of Manaus, over areas of large-scale del8:00LT); lower panels: ambient temperature and PAR mean val-
forestation, or over extended areas of open water in rivers oP€S (Solid lines) standard deviation (dotted lines).
lakes. With vast expanses of pristine forest situated to the
east of the K34 tower, this site can be expected to be repre-
sentative of an undisturbed remote rainforest ecosystem dutower-based measurements in the surface layer versus the
ing easterly winds. Previous measurements in the Amazof§lata observed within the CBL, and (ii) midday versus after-
Basin have shown that radiative cooling at dusk results in thehoon values were compared. Toluene and benzene mixing
formation of a shallow, decoupled nocturnal boundary layerratios were relatively low£0.1 ppb) and did not show dis-
over the forest, whilst heating of the surface in the morningtinct vertical profiles, indicative of the absence of human ac-
causes a well mixed CBL to develop at a vertical growth ratetivities or other significant air pollution sources at this remote
of ca. 10mmin® (Garstang et al., 1988). The CBL heights, forest site.
deduced from the airborne profile measurements of potential Figure 4 shows a contour plot of a typical diel course of
temperature and other trace constituents, ranged between 4%e isoprene and-pinene mixing ratios observed directly
and 1115 m, and were within the typical mixed layer heightsabove the canopy, which was inferred from surface layer pro-
that are expected above Amazonian tropical forests (Dias efiles measured simultaneously at four different heights, on an
al., 2002; Fisch et al., 2004). hourly basis. Isoprene angpinene mixing ratios followed
Isoprene was the dominant biogenic VOC observed in am-a clear diel pattern as a function of light and temperature
bient air contributing up to 90% of the measured species. Thésee also Rinne et al., 2002; Kuhn et al., 2002). Mean day-
mixing ratios ofa-pinene were an order of magnitude lower, time mixing ratios for isoprene andpinene reached 3.4 ppb
and comprised about half of the detected sum of monoterand 0.34 ppb at 51 m above ground. Maximum isoprene and
pene species. The VOC species composition was very simie-pinene values reached 6.6 ppb and 0.6 ppb, respectively.
lar throughout the boundary layer, when (i) values from theDue to intermittent cloud patches travelling over the site in

2000+

1000+ 10

PAR [umol m?s™]
Temperature [°C]
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Fig. 5. Hourly mean values of isoprene andpinene fluxes and
environmental conditions for the period 17-25 July 2003~
8). The data points represent arithmetic mean vatbestandard
3.2.1 Fluxes derived by SLG and REA deviation (squares with floating columns for the REA; and circles
with shaded area for SLG). The middle panel additionally shows the
VOC fluxes were calculated by the SLG approach using themean values for the respective time frame predicted by the single-
concentration gradient between the two uppermost heightsolumn chemistry and climate model (SCM).
of the tower-based profile measurements. All SLG measure-
ments were accompanied by simultaneous (synchronized in
time and sampling period) REA measurements, the latterThe SLG fluxes exhibited a higher scatter, as expected for the
assumed to have the least degree of uncertainty of all fluxcomplex terrain of heterogeneous tall vegetation canopies,
methods applied in this study. Figure 5 shows a comparisorand exceeded the REA fluxes in most cases (Fig. 5).
of the mean diel cycle of isoprene anrdpinene fluxes The tower-based canopy scale fluxes, with an estimated
determined by both methods for the whole measuremenfootprint area of 2-3 ki are assumed to be representative
period.  Mean daytime (10:00-15:00LT) fluxes mea- of the combination of the characteristic local-scale landscape
sured by the REA approach were 21.6 mgCnr2h~1 elements in this area, including plateaus, slopes, and val-
for isoprene, 0.2680.18mgCm2h~! for «-pinene, leys. The observed range of VOC flux values are consis-
and 0.3%0.43mgCm?h~! for the sum of monoter- tentwith those reported previously for remote tropical Ama-
penes. With the SLG approach, the respective fluxeszon forest ecosystems (Table 1), and are in accordance with
were 3.4:3.6mgCnr2h~1, 0.20£0.33mgCm?h~1,  fluxes used for this region in global model estimates (Guen-
and 0.380.58mgCm? h~1. The maximum fluxes that ther et al., 1995). The mean daily integrated emission de-
were measured with REA were 5.4mgC#h~1 for iso- termined by REA sums up to 21 mg Cvhd—1 for isoprene
prene (11.3mgCmPh~1 with SLG), 0.89mgCm2h~1  and 3mgCm?2d1for the sum of monoterpenes. Measured
for «-pinene (1.19mgCmfh~1 with SLG), and surface fluxes of biogenic VOC were roughly proportional to
1.70mgCm2h~1 for the sum of monoterpenes mixing ratios withinthe boundary layer, as expected for com-
(1.86mgCm?h~1 with SLG). In general, flux esti- pounds whose atmospheric lifetime is substantially less than
mates by both approaches were in reasonable agreemerit.day.

3.2 Surface fluxes of isoprene and monoterpenes
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Table 1. VOC fluxes in the Amazon tropical rain forest: estimates and direct measurements reported in literature and mean values from 3
methodologies used in this study. All numbers are based on carbon. Note that flux estimates of Jacob and Wofsy (1988), Zimmerman et
al. (1988), and Davis et al. (1994) were derived from the same observational data base.

study isoprene «a-pinene sum of monoterpenes  site technical approach comments
[mgCm2h-Y [mgCm2h-Y [mgCm2h1]
Jacob and Wofsy (1988)  2.44 (max6) ABLE 2 A campaign, one-dimensional dynamical chemistry mean daytime flux (08:00-18:00 LT)
Duke forest reserve model on vertical profiles within CBL
10 km north of Manaus, Brazil
Zimmerman et al. (1988) 2.73 0.11 0.24 ABLE 2 A campaign, Mass Budget mean daytime flux (08:00-16:00 LT)
Duke forest reserve from vertical profiles within CBL
10 km north of Manaus, Brazil
Davis et al. (1994) 3.681.4 ABLE 2 A campaign, Mixed Layer Gradient mean daytime flux (08:00-15:00 LT)
Duke forest reserve from vertical profiles within CBL
10 km north of Manaus, Brazil
Helmig et al. (1998) 2.64-7.24 0.11-0.33 0.19-0.45 remote Amazon forest, Peru Mixed Layer Gradient and Mass Bwehretiaytime flux (10:00-18:00LT)
from vertical profiles within CBL
Stefani et al. (2000) 1.1 0.20 K34 tower 60 km north of Manaus, Brazil Relaxed Eddy Accumulation °C30100:mol m—2s~1 PAR
Rinne et al. (2002) 212 0.23 Floresta Nacional do Tapajos, Para, Brazil Eddy Covariance (isoprene) 30°C, 1000umol m—2s~1 PAR
Disjunct True Eddy Accumulation (pinene)
Geron et al. (2002) 22 La Selva, Heredia, Costa Rica Relaxed Eddy Accumulation °, 2BO0umol m—2s~1 PAR
partly cloudy conditions
Karl et al. (2004) 1.19 (max. 2.56) 0.09 (max. 0.33) La Selva, Heredia, Costa Rica Disjunct Eddy Covariance mean daytime flux
Greenberg et al. (2004) max. 1.94 max. 0.08 max. 0.16 FLONA Tapajo's, Brazil one-dimensional chemistry model maximal flux
max. 4.68 max. 0.11 max. 0.20 Balbina, 150 km north of Manaus, Brazil  on vertical profiles within CBL
max. 8.65 max. 0.16 max. 0.54 Reserva Biologica do Jaru, Rondonia, Brazil
this study 2.%#1.6 (max. 5.4) 0.20+£0.18 (max. 0.89) 0.39:0.43 (max. 1.70) K34 tower 60 km north of Manaus, Brazil Relaxed Eddy Accumulation mean daytime flux (10:00-15:00 LT)
3.4+3.6 (max. 11.3)  0.20+0.33 (max. 1.19) 0.38+0.58 (max. 1.86) Surface Layer Gradient mean daytime flux (10:00-15:00 LT)
3.745.2 (max. 13.8)  0.40+042 (max. 1.05) Mixed Layer Gradient (corrected) MLG corrected (mean of all flights)

Like isoprene, the monoterpenes were also emitted by the _ s .
tropical vegetation in a light-dependent manner. In agree- " _'_j_g';:el;‘;aft::c:(REA)
ment with previous studies, there is now increasing evidences_ ¢ | __ G5 canopy level
that light dependence of monoterpene emissions can be gen g %
eralized for tropical forests (Rinne et al., 2002; Kuhn et al., g,
2002; 20044a; Karl et al., 2004), as well as for deciduous tree E,
species in temperate ecosystems (Staudt and Seufert, 199! X
Ciccioli et al., 1997; Kesselmeier et al., 1996; Spirig et al., &
2005; Dindorf et al., 2006). For anthropogenic VOC mainly e
deposition was observed. In particular average daily fluxes g
of —0.21, -0.02 and less than —0.01 mg C&h~1 were mea- o
sured for benzene, toluene and CCl4 during this campaign. —
These values are similar to those reported previously for the 17.Jul 19.Jul 21.Jul 23.Jul 25.Jul
same site (Andreae et al., 2002). Date

322 Comparison with modeled fluxes Fig. 6. Comparison of isoprene fluxes observed by REA (squares),

nd modelled with a single-column chemistry and climate model

The isoprene surface flux for the measurement region ha SCM), with implementation of the Guenther et al. (1995) algo-

been sm(t;lr;tted with thhe_ ilngle-column _Ch((ajmls_t;]y ﬁnd cli- rithm (G95), and constrained with the analyzed meteorology of the
mate model (SCM), which was constrained with the ana'European Centre for Medium range Weather Forecast (ECMWF)

lyzed meteorology from the ECMWF data base as describeghqoge. The dotted line represents fluxes based on the leaf surface,
in Sect. 2.6. The diel course of mean modelled fluxes of allyhile the solid line shows the fluxes calculated for the canopy level,
measurement days were in a range between those calculat@tiuding within-canopy interactions of gas phase chemistry, soil
by REA and SLG (Fig. 5, middle panel), and hence showeduptake, and turbulent mixing.

good agreement with observations. The evaluation indicates

that the implementation of the Guenther et al. (1995) algo-

rithm in the SCM reproduced the observed fluxes reasonablgloud cover in model grids does not capture any subgrid scale
well. As shown in Fig. 6, on sunny days the model simu- variability of PAR. The influence of the non-linearity in the
lated maximum fluxes comparable to the REA fluxes (e.g., 19ight-dependence of isoprene emissions on this issue is cur-
and 20 July), but did not capture the observed diel variabilityrently under further evaluation.

during partly cloudy days, with intermittent cloud patches It has to be considered that the surface flux measured by
travelling over the site (e.g. 17 and 19 July). This differ- micrometeorological techniques at the canopy level likely
ence is likely due to the fact that average model grid datadiffers from the primary plant emission usually implemented
of PAR do not ideally reflect the highly variable light con- inthe models. The difference depends on the degree to which
ditions at the measurement site, as the treatment of averagsoprene, that is emitted from leaves, is oxidized while still
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— 12 1200 3.2.3 Implications for the local carbon budget
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E 12' 1200 © ecosystem carbon cycle during LBA-CLAIRE 2001.

00:00 | 06:00 | 12:00 | 1800 | 24:00 Figure 7 shows hourly mean fluxes of the sum of mea-
sured VOC:s for the period of 17-25 July 2001 with the corre-
sponding direct measurements of £fixes by tower-based

Fig. 7. Mean values of total VOC fluxes (isoprene and monoter- EC. Daytime net CQ |_nfluxes d“””g the period of maxi-
penes) measured by REA, and Efluxes calculated by eddy cor- Mal net photosynthesis were as high agualm-2?s .
relation (EC) during the period of 17-25 July 2001. The data pointsNocturnal net CQ effluxes (including autotrophic and het-
represent arithmetic mean valugs standard deviation (squares €erotrophic respiration) were typically in the range between
with floating columns for VOC-REA; and green line with shaded 5-10umolm~2s™1, resulting in a mean daily (24 h) inte-
area for CQ-EC). grated net C@sink strength of 2017 mgCnid—1 for the
local net ecosystem exchange (NEE). Relative to these re-
sults of the CQ-EC, the daily integrated amount of carbon
in the canopy air space, prior to being ventilated to the well-re-emitted by VOCs as measured by REA (24 mgCuair 1
mixed atmosphere. The simulated difference between isofor isoprene plus monoterpenes) was 1.2% (0.6% during the
prene fluxes modelled at the leaf level and modelled at thephotoperiod), which is somewhat lower than the range (2.7-
canopy scale is explicitly shown in Fig. 6. This difference, 3.7%) derived from eddy covariance measurements of VOCs
on the order of 10%, reflects the influence of within-canopyand CQ fluxes for a low land tropical wet forest site reported
interactions of gas-phase chemistry, soil uptake (Clevelandpy Karl et al. (2004).
1997), and turbulent mixing in the SCM model. This isin  Yet, as is extensively discussed in the literature (Culf et
agreement with recent results by Stroud et al. (2005), whaal., 1999; Baldocchi et al., 2000, 2003; Martens et al., 2004;
suggested a 5 to 10% reduction of the isoprene emission ratéruijt et al., 2004; Ometto et al., 2005), the EC-£@ea-
due to chemical loss within the canopy. It is also similar surements during nighttime have to be used with caution, as
to results of Karl et al. (2004), who inferred from the ra- they are subject to potential systematic errors at low wind
tio (MVK+MACR)/isoprene in in-canopy air, that less than speeds, and the daily integrated numbers of EC may be over-
10% of isoprene is oxidized within a tropical forest canopy. estimated, especially in spatially complex terrain. The uncer-
All of this leads to the conclusion that in (and directly above) tainties stem from difficulties related to (i) night time calm
a tropical forest canopy the transport time scale is considereonditions, when respired GQends to accumulate within
ably faster than the time scale for chemical loss of isoprenethe forest canopy and intermittent updraft events transfer it
and that the bias of in-canopy atmospheric chemistry for theto the atmosphere in a complex spatial pattern not consis-
overall isoprene (and-pinene) flux measurements is rela- tently caught by the flux tower sensors (Staebler and Fitz-
tively small, i.e., within the uncertainty of the micrometeoro- jarrald, 2004), and (ii) an irregular topography, where lateral
logical flux measurement approaches. CO, advection to lower positions on the landscape can result
Even though the flux values of isoprene are reasonablyn CO; draining out from the eddy covariance tower foot-
well reproduced by the SCM, the comparison of the simu-Print (Aralljo et al., 2002). Considering the methodological
lated and observed mixing ratios showed a significant overuncertainties and applying different methods of data treat-
estimation for isoprene, as is commonly the case in atmoment, Araijo et al. (2002) gave a relatively wide range for
spheric chemistry models (Poisson et al., 2000; Bey et al.the annual NEE of 1-8tChaa ! estimated from a one
2001; von Kuhlmann et al., 2004). The simulated maximumyear record of EC data for the same measurement site. A
daytime surface layer mixing ratios are as large as 12 ppblinear down-scaling to daily values results in a range of 270—
whereas the maximum observed mixing ratios do not excee@200mg C nr?d—*, which suggests the above EC result of
6.6 ppb. A potential explanation for the general overestima2017 mg Cn12d~* as being close to the upper limit. Rela-
tion of isoprene may be found in an underestimation of thetive to the lower range limit, carbon re-emitted as isoprene
modelled chemical destruction of isoprene, associated witfnd monoterpenes would account for a considerable fraction
too low OH radical concentrations simulated by current mod-0f up to 9%.
els, as will be discussed in Sect. 3.3.

Local time [hh:mm]
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Table 2. Carbon re-emitted as VOC compared to differenty@Ddget estimates that were carried out during the intensive LBA-CLAIRE
campaign. Numbers are based on daily integrated mean fluxes of 21 rﬁﬁ @ thforisoprene and 3mg cntd—1 for the sum of monoter-
penes derived by REA measurements.

Method (base/footprint) (reference) G@exchange  Goc/Cco,
time period [mgCm2d-1] [%]
Eddy Correlation (tower/local) (this work) —3947 0.6

12 h daytime

Eddy Correlation (tower/local) (this work) —2017 1.2

24 h

Inverse Lagrangian Dispersion Model (tower/local) (Simon et al., 2005) —384 6.3

24 h

Boundary Layer Mass Budget (airborne/regional) (Lloyd et al., 2007) < —-300 >8.0
24 h

Two alternative methods to estimate thef£Xequestration = surements on the seasonal variations of VOC emissions in the
rate for the K34 site, measured at this specific site during theAmazon in literature (Kuhn et al., 2004a, b). Extrapolation
time period of the LBA-CLAIRE campaign, may help to re- of the integrated mean daily totals of emissions observed by
duce the high uncertainty (Table 2). Using an inverse La-REA (SLG), assuming similar conditions and a total forested
grangian dispersion model f8#2Rn, H,O and CQ, Simon  area of 68.%10° km? in the Amazon (Botta et al., 2002),
et al. (2005) predicted a low daily net carbon sink of only the source strength sums up to 35.8 (68.6) TgEfar iso-
384mg Cnr2d-1 for a four-day period (16—20 July 2001). prene and 5.9 (8.4) Tg Ca for the sum of monoterpenes,
As a second independent method, midday and afternoon vewhich together comprises about 21% (39%) of the long-term
tical profiles of CQ within and above the CBL were mea- mean modelled C@sink. Although part of the atmospheric
sured in parallel to the airborne VOC data, and used to calcueegradation products are deposited by dry or wet deposition,
late concurrent regional COluxes by application of a mass or form secondary organic aerosols (Claeys et al., 2004), the
budget model (Lloyd et al., 2007). The authors state that oratmospheric fate of almost half of the VOC carbon is esti-
a regional scale the K34 region was even a small source ofmated to end in C®(Kuhlmann, 2001; Poisson et al., 2000;
CO, rather than a sink during the period of LBA-CLAIRE. Goldstein and Galbally, 2007). Apart from the VOC species
Within the associated uncertainties of this mass budget apinvestigated here, further perturbation of the tropical carbon
proach, the authors point out that a modest carbon sink abudget may be derived from other organic compounds, most
low as 300mgCm?d-1 can not be excluded. Both alter- prominently methanol (Galbally et al., 2002) and methane.
native methods (Simon et al., 2005; Lloyd et al., 2007) re-Besides flooded areas and cattle-breeding, which are cur-
vealed daytime C@fluxes quite similar to the eddy covari- rently accounted for with high uncertainties, recent investi-
ance method, but suggested significantly higher nighttime negations revealed that methane can also be emitted directly
CO, release, and hence lower net £€xchange rates on the from plants in considerable amounts (Keppler et al., 2006;
24 h basis, all leading to the conclusion that the contributionDo Carmo et al., 2006).
of VOC carbon fluxes in the regional carbon budget is in a
range of>6% (Table 2). 3.3 VOC profiles in the convective boundary layer

Using a process-based biogeochemical model of terrestrie8.3.1  Airborne measurements
ecosystems, Tian et al. (1998) reported an average annual net
primary production (NPP) for the entire Amazon Basin of During the period of 5-21 July 2001, a total of eight VOC
~5000 Tg C al, nearly compensated by heterotrophic respi- profiles between 50 and 3000 m above canopy level were ob-
ration of ~4800 Tg C a, ultimately resulting in an average tained by airborne measurements. Table 3 gives an overview
annual net ecosystem production (NEP) of only 200 Tg€ a  of all VOC measurements analyzed by GC-FID. The mean
in the time period between 1980 and 1995. These resultprofiles of isoprene and-pinene are plotted in Fig. 8. Iso-
were supported by Botta et al. (2002) for the period of 1935-prene andr-pinene showed similar characteristics, both de-
1995 using a similar approach. Both studies indicated thatlining strongly with altitude, ranging from 4.7 ppb for iso-
the Amazonian carbon budget is going through a sequencprene and 0.23 ppb fax-pinene to below detection limit
of neutral, net source, to net sink in response to climatefor both compounds above the CBL. The deviation from
variability (emission up to 200 TgC4 and uptake up to the mean values shown in Fig. 8 is attributable to the day-
700 Tg C al). Unfortunately there are very scarce real mea-to-day variability in meteorological conditions, rather than
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Table 3. Observed VOC mixing ratios, calculated fluxes and supplementary data from the airborne measurements used for the MLG flux
calculations. For flights A, B, C, quality assurance (backup) samples were collected. The convective velocity scales and estimated CBL
heights are given for the mean time of the flights within the CBL. Isoprenegridene were chemistry adjusted according to Eq. (7). VOC
fluxes are given for chemistry adjusted mixing ratios.

flight date CBL convective sample sample isoprene MVK MACR  «-pinene sum of isoprene - isoprene flux  «-pinene flux
no. [dd.mm.yy] height velocity ~ time height observed observed observed observed monoter- chemis- pinene  adjusted adjusted
# (z;)[m] scale (LT) [m] [ppb] [ppb] [ppb] [ppb] penes  try chemis- [mgCm2h~1] [mgCm2h]]
(w*) [hh:mm] observed adjusted try
ms™ [ppb] [ppb] adjusted
[ppb]
A 05.07.01 850 1.52 10:56 43487 -0.06 0.02 —0.10 0.00 —0.01 13.79 1.05
10:56 434507 -0.01 0.37 0.06 0.01 0.02
11:20 269410 —0.07 0.00 —0.14 0.00 0.00
11:20 269410 0.02 0.03 0.04 0.00 —0.02
11:37 204104 0.15 0.13 0.06 0.00 0.06
11:37 204104 0.10 0.18 0.05 0.00 —0.02
12:03 77433 0.34 0.07 0.01 0.05 0.06 1.12 0.07
12:03 77433 0.62 0.27 0.22 0.03 0.05 1.40 0.05
12:23 3009 2.02 0.53 0.33 0.11 0.23 2.34 0.12
12:23 30%09 1.87 0.22 0.08 0.10 0.17 2.20 0.11
12:41 8714 3.32 0.62 0.25 0.14 0.25 3.42 0.14
12:41 87+14 2.98 0.38 0.22 0.14 0.23 3.08 0.14
B 07.07.01 450 1.25 10:33 27313 0.04 0.28 0.06 0.00 0.06 7.23 0.79
10:33 273#%#13 -0.09 0.34 0.13 —0.02 —0.03
10:48 210602 -0.08 0.35 —0.08 0.00 —0.04
10:48 210e-02 —-0.13 0.09 —0.02 0.00 0.00
11:10 47#15 114 0.82 0.37 0.06 0.11
11:10 47&15 1.18 0.50 0.23 0.23 0.41
11:23 164-08 1.56 0.76 0.42 0.09 0.17 1.70 0.10
11:37 7420 2.07 0.68 0.55 0.12 0.22 2.14 0.12
C 08.07.01 400 1.26 09:54 273P5 —0.06 —0.06 —0.05 0.00 0.00 1.89 -0.13
09:54 273205 0.08 —0.03 —0.03 0.00 —0.01
10:12 210303 -0.03 0.00 —0.05 0.02 0.01
10:12 210303 -0.03 0.03 0.05 —0.01 —0.02
10:35 144203 0.07 0.21 0.14 0.01 0.03
10:35 144203 —-0.02 0.05 0.02 0.00 —0.01
10:55 81302 0.12 0.22 0.20 0.01 0.02
10:55 81302 0.01 0.19 0.22 0.01 0.01
11:16 32304 1.12 0.40 0.36 0.10 0.21 1.39 0.11
11:16 32304 1.28 0.41 0.34 0.11 0.17 1.56 0.13
11:35 62£22 1.90 0.70 0.58 0.12 0.20 1.95 0.12
11:35 62£22 1.65 0.48 0.34 0.12 0.20 1.69 0.12
D 10.07.01 1115 0.80 16:02 11703 1.56 0.49 0.17 0.09 0.17 —2.60 —0.06
17:06 80504 3.81 0.49 0.25 0.16 0.25 5.84 0.21
17:20 31#02 3.72 0.55 0.37 0.11 0.16 4.67 0.13
17:32 6912 4.73 0.98 0.47 0.19 0.36 4.96 0.20
E 11.07.01 550 1.49 10:05 21305 - - - - - 5.95 0.60
10:24 145305 0.00 0.31 0.01 —0.01 0.00
10:47 82504 1.92 0.51 0.30 0.09 0.18
11:05 3107 2.50 0.69 0.37 0.10 0.18 2.97 0.11
11:23 94+06 3.52 1.05 0.50 0.13 0.30 3.66 0.13
11:41 4517 4.11 0.64 0.35 0.15 0.25 4.18 0.15
F 11.07.01 800 0.65 16:08 21206 0.33 0.03 —0.03 0.01 0.00 0.09 0.24
16:27 147303 0.57 0.19 0.04 0.01 0.00
16:46 80&02 1.92 0.67 0.31 0.06 0.17
17:04 34703 2.07 1.63 1.04 0.06 0.15 2.77 0.08
17:21 9504 2.56 0.53 0.31 0.10 0.18 2.77 0.10
17:39 TH25 2.72 0.42 0.21 0.10 0.17 2.89 0.11
G 17.07.01 450 1.03 10:09 27163 0.03 0.06 0.10 0.03 0.02 241 0.56
10:25 208a&-21 0.18 0.17 0.05 0.00 0.08
10:40 143904 0.02 0.14 0.09 0.04 0.03
10:56 44722 0.74 0.09 0.18 0.06 0.09 1.19 0.08
11:09 16903 1.04 0.14 0.12 0.13 0.19 1.23 0.14
11:22 5614 2.09 0.21 0.05 0.14 0.22 2.15 0.15
H 17.07.01 850 0.76 16:01 27304 0.13 —0.06 —0.10 0.01 0.00 0.59 0.16
16:16 210304 0.33 0.07 —0.03 0.02 0.05
16:33 146107 0.46 0.01 0.01 0.05 0.06
16:48 79605 1.05 —0.01 —0.01 0.08 0.16 211 0.13
17:03 32103 1.85 0.19 0.07 0.11 0.16 2.36 0.13
17:15 64£12 2.43 0.02 0.01 0.16 0.25 2.54 0.16
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Fig. 9. Observed CBL vertical profiles of isoprene (upper panels)
=, anda-pinene (lower panels) at midday (left panels) and afternoon
(right panels). Sample heights (z) were normalized by the respec-
0 : i : EI, : i tive CBL heights £;). The lines represent best fits based on the

respective MLG functions used to calculate VOC fluxes.

the afternoon flights were somewhat less pronounced com-
pared to the midday flights. Meteorological conditions affect
both CBL dynamics, and emission rates. Smaller vertical
gradients in the late afternoon may be explained by a reduc-
tion of VOC emission due to low radiation intensities close
to sunset (compare to REA and SLG results), rather than by
enhanced convective mixing.

Fig. 8. Mean vertical profiles of observed mixing ratios of isoprene
(lower x-axis) andx-pinene (upper x-axis), averaged over all air-
borne measurements analyzed by GC-FID (arithmetic restan-
dard deviation).

to differences in the general trend of vertical profiles. Theg 35 Fjuxes derived by MLG using observed VOC mixing
strongest concentration gradients were observed close to the ratios

surface source (forest canopy), and at the top of the CBL,

where free tropospheric air is entrained into the CBL. TheThe mixed layer gradient (MLG) approach was applied to
small amounts of isoprene and monoterpenes observed igach of the flight profiles shown in Fig. 9, to infer individual
the free troposphere above the CBL are likely attributable togrface flux estimates. As illustrated in Fig. 10, the MLG
compounds that remained in the residual layer from the prefjyxes of isoprene ane-pinene inferred from the mixing
vious day, or to deep convection penetrating the CBL. Theratios observed across the CBL (Mb§) were on average
quasi-exponential attenuation during their upward transporhigher by a factor of about two than the fluxes derived from
within the CBL is controlled by the relative rates of chemical the tower-based measurements (REA and SLG). Applying
destruction and turbulent mixing. The similar patterns of iso-the recently suggested modification of the MLG equations,
prene and monoterpenes, both in diel variation (Fig. 4) and ing account for plant canopy effects on vertical mixing (Pat-
the shape of vertical profiles (Fig. 8), demonstrate the simion et al., 2003), resulted in even higher fluxes, on average
larities of (i) the environmental functions that are driving the 3504, Here only the results obtained with the traditional
errllilssion§ aqd (i) the atmospheric lifetimes under the pre4i_G equations are presented.
vailing oxidation regime. The MLG concept assumes that the investigated com-
Figure 9 shows the individual VOC profiles for all flights pounds are conserved scalars, i.e., that they do not decay
within the CBL, with sampling heights normalized to the in- on timescales equivalent of their vertical mixing within the
dividual CBL heights, and the respective functions underly-CBL. For biogenic VOCs that undergo rapid chemical re-
ing the MLG flux approach. In general the gradients duringactions, however, this assumption may not be valid. The

www.atmos-chem-phys.net/7/2855/2007/ Atmos. Chem. Phys., 7, 2855-2879, 2007



2868 U. Kuhn et al.: Isoprene and monoterpene fluxes from Central Amazonian rainforest

_ . . . 3.0

e 20+ | ) @ |

e ! ! o

o 151 : ! o 2 201

= 10 ] ¢® | | | 2 e -

X i 1< " —

= 1¢ I 1 1 & E _—

&= 5 (IS ' Q> 1.0

[} 6 (PN L |

8 1€, ®, -: | <§><>Q L@

g 01 i E E i

K] J ' : ! S LI 0.0 T T T T T T T
I I I o

=18 ! o ! S

K= 1 | | ! 5 0.8

o | ' | o

'€ 1.0 1 ! ! o : ® 8

S) 1 ! 10% R = 0.6

j=2] | | 19

%0'5_? 0 |0 | %8 : S § 0.4 +\ n

x g ep R : X ' e

P TIPAR AU FUIE BN S

0:-’ i I PSR! ¥ 0.2 j/

“c’ i * (16:00-18:00): (16:00-18:00) : (16:00-18:00) : (16:00-18:00) >

'§--0'5 | ao:00-12:00) | (10:00-12:00) 1(10:00-12:00) | (10:00-12:00) g, 0.0 T T T r : . .

3 SLG | REA | MLG_! MLG__ 09:00 12:00 15:00 18:00

Local time [hh:mm]

Fig. 10. Comparison of VOC fluxes derived from three different

micrometeorological methods, surface layer gradient (SLG, tower-Fig. ~ 11. ~ Observed  ratios of MVK/MACR and

based), relaxed eddy accumulation (REA, tower-based), and mixe§MVK+MACR)/isoprene (hourly mean values- standard de-

layer gradient (MLG, airborne). For tower-based fluxes only dataViation) derived by tower-based measurements at 21m above

measured within the time frames of the flight measurements ar&anopy. The relatively high error bar of (MVK+MACR)/isoprene

shown, i.e., for midday (10:00-12:00LT) and afternoon (16:00—at 13:00LT is due to one outlier.

18:00LT). The results for the MLG approach shown are inferred

from the observed mixing ratio (ML&pg), and by taking into ac-

count the chemical degradation of VOC during transport within the as the turnover time within the CBL, and that chemistry has

CBL (MLGcorn). The boxes represent mean valdestandard devi-  to be taken into account when applying the MLG approach.

gtion, vyith whiskers at the 1st gnd 99th percentiles; horizontal solidThe chemical lifetimes of biogenic VOCs in the CBL are es-

lines within the boxes are median values. timated to be on the order of minutes to hours, depending
primarily on the concentrations of OH radicals and ozone, as

attenuation (depletion) experienced by biogenic VOCs dur—WIII be detailed below.

ing their upward transport through the CBL depends mainly ] o .
on (i) surface exchange, (ii) turbulent mixing, and (jii) chem- 3.3.3 MVK/MACR ratios and implications for isoprene ox-

ical destruction. Chemical decay can substantially enhance idation
the vertical scalar gradients and lead to an overestimation of
the flux. The atmospheric degradation of isoprene during daytime is

The smallest chemical modification to the profiles occursprimarily initiated by reaction with OH or §) and it can in-
near the canopy top where the scalar source and scalar grad10|V€ several thousand subsequent reactions and hundreds
ents are highest, which is why we did not take into accountof intermediate species @Bchl et al., 2000; Saunders et
a chemical correction for the tower-based SLG approach. Agl., 2003). The relative importance of these reaction path-
outlined in detail by Doskey and Gao (1999), measurementgvays can be inferred from the ratio of the primary oxidation
of the isoprene flux by gradient and other micrometeorolog-products methacrolein (GE€CH;CHO, MACR) and methyl
ical methods directly above the forest canopy are not signifi-vinyl ketone (CBCHCOCH;, MVK).
cantly influenced by chemical reactions, because vertical gra- Oxidation of isoprene by OH in the presence of N@o-
dients of emitted species are mainly controlled by the sourcaluces MVK and MACR with yields of 32% and 23%, re-
strength and turbulent mixing. spectively (Tuazon and Atkinson, 1990). Thus the ratio

Across the CBL, however, strong vertical gradients of iso- MVK/MACR would be ~1.4, if MVK and MACR would
prene resulting from rapid oxidation have already been prenot undergo further reaction. Oxidation by OH, however,
dicted by Trainer et al. (1987). In contrast to earlier stud-removes MACR more quickly than MVK and further in-
ies (Davis et al., 1994; Helmig et al., 1998; Spirig et al., creases the MVK/MACR ratio. In contrast, oxidation of iso-
2004), we suggest that in tropical areas the chemical lifeprene by @ yields more MACR than MVK, and MVK reacts
time of isoprene and-pinene may be of similar magnitude more quickly with @ than MACR. Thus ozone-dominated

Atmos. Chem. Phys., 7, 2855-2879, 2007 www.atmos-chem-phys.net/7/2855/2007/



U. Kuhn et al.: Isoprene and monoterpene fluxes from Central Amazonian rainforest 2869

1.0 1.0 3000

—— MVK
—0— MACR

0.8 0.8

midday
—{+— afternoon
0.6 0.6

2/z

0.4 0.4

0.2 \ 0.2

0.0 S —— — 0.0 — ; ;
00 02 04 06 08 10 1 2 3 4
MACR [ppb] MVK [ppb] MVK/MACR

2000

Fig. 12. Mean mixing ratios of MVK and MACR and the ratio
of MVK/MACR of all airborne vertical profile measurements ana-
lyzed by GC-FID. Sample heightg)(were normalized by the re-
spective CBL heightszf).
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isoprene oxidation would result in MVK/MACR ratios lower
than 0.4 (Carter and Atkinson, 1996). /

The tower-based measurements at 21 m above canopy [
top, averaged over the whole period=61), revealed 0 ' 2' ' "1 LTS 1' ' 12
mean daytime mixing ratios of 3#41.8, 0.55-0.31 and 0 6 8 0
0.34+0.13 ppb, (median 3.2, 0.49 and 0.34 ppb) for isoprene, (MVK+MACR)/isoprene
MVK and MACR. As shown in Fig. 11, the diel course of
the MVK/MACR ratio showed a _reg_ula_r diel pattern, .Wlth ig. 13. Observed vertical profiles of (MVK+MACR)/isoprene de-
mean daytime valqes above 1.4, indicative of OH-domlnatecﬁved by GC-MS analysis during the midday (10:00-12:00 LT, CBL
isoprene degradation. Close to the canopy top the prOduct'op 550 m) and the afternoon (16:00-18:00LT; CBL top 800 m)

tion of MVK and MACR is supposed to be largest (due 10 fiights on 11 July 2001. Dotted lines indicate the respective CBL
high isoprene mixing ratios) and the influence of further ox- tops.

idation is small. Also the mean velocity shear is largest in

this surface layer, with the largest turbulence kinetic energy;

hence here the smallest chemical modification occurs. Thi%estroying) MVK and MACR. As for every reactive scalar,
is diff(_erent for thg airborne data within th_e CBL, where the {he vertical profile of (MVK+MACR)/ISO is a function of
chemical production of MVK and MACR is smaller (due t0 ¢, jjent mixing, surface deposition, distance from the emis-
lower isoprene mixing ratios) and the compounds are subjectjon, source (transport time), and photochemical degradation

to chemical degradation for longer time periods. (Montzka et al., 1995; Biesenthal et al., 1998; Barket et al.,
Figure 12 shows the mean vertical profiles of MVK and 2004).

MACR and the respective ratios during the airborne mea-
surements within the CBL (GC-FID data). The observed
MVK/MACR ratio is consistently close te~2 throughout

the CBL, which is in accordance with tethered balloon mea_(=N0+NOZ) from several campaians and spanning a wide
surements in other tropical areas (Greenberg et al., 1999 paig P 9

and gives evidence for an OH-dominated oxidation regime ange of NQ regimes. The average (MVK+MACR)/ISO

in the lower tropical troposphere, confirming that ozonol sisfor the CLAIRE tower-based measurement period was
. b POSPNEre, 9 : Y8150 31+0.07 (@=51) at 21 m above the canopy, and did not
did not play an important role in isoprene degradation.

show strong variations during daytime (Fig. 11), which is
in good agreement with earlier observations at a similar
Amazon tropical forest tower site (Kesselmeier et al.,
2002). These values are consistent with the relationship of
Further information about atmospheric chemistry and transBiesenthal et al. (1998) and with low daytime N@vels
port can be derived from the ratio of the sum of MVK and (<500 ppt) reported for comparable Amazon rainforest sites
MACR over isoprene, (MVK+MACR)/ISO. During the day, (Andreae etal., 2002).

(MVK+MACR)/ISO is mainly driven by the OH chemistry, Figure 13 shows the observed vertical profiles of
which destroys isoprene while producing (and concurrently(MVK+MACR)/ISO for the two flights that were measured

With regard to nitrogen oxides, Biesenthal et
al. (1998) have described a logarithmic dependence of
(MVK+MACRY)/ISO on the average mixing ratio of NO

3.3.4 (MVK+MACR)/ISO ratios and implications for
chemistry and transport
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1000 , , (MVK+MACR)/ISO were found in the afternoon compared
: 2 to the midday flights by GC-FID analysis (Fig. 14). Above
T the CBL the GC-FID data showed a very high scatter (data
~ 800 e not shown), which may be explained by the fact that values of
2 the ratio’s denominator close to zero easily lead to spurious
g 600 - :“ values.
s : .
% il @ all flights 3.3.5 OH concentrations inferred from
2 400 il A midday flights (MVK+MACRY)/ISO profiles
‘S "d::.j‘ @ afternoon flights
_'51 i ¢ towerdata As there are no direct measurements of OH radical con-
2 200+ g T :z E:gg 8: centrations published for the tropical CBL yet, we have
o2 8.0 E+06 OH made an attempt to infer OH concentrations by fitting a sim-
0 L ‘ ‘ ple chemical kinetics model to the observed profiles of the
0.0 0.5 1.0 15 20 (MVK+MACR)/ISO ratio. In this “back-of-the-envelope”
approach, we assume that the rates of turbulent mixing and
(MVK+MACR)/isoprene surface deposition velocities are similar for all three com-

pounds, i.e., that differences do not play a significant role
Flg 14. Observed vertical profiles of (MVK+MACR)/|SO within during the time of transport from the canopy to the alti-
the CBL derived by GC-FID analysis: midday (cyan triangles) and y,ge of observation. Under these conditions the change of
afternoon flights (red circles) flights, and mean values of all ﬂights(MVK+MACR)/ISO with altitude can be calculated as a
(green squarest 1 standard error). The mean value of the tower- function of transport time and reactant concentrations.

based measurements in the respective time frames, at 21 m above The chemical | fi b . ith OH and O
the canopy, is also shown (grey diamosddl, standard error). The e chemical loss of isoprene by reaction wit any

lines represent prognostic vertical profiles of (MVK+MACR)/ISO Can be described by
derived from Egs. (7), (8), and (9), using the mean ratios and dif-a [1SO]
ferent OH radical concentrations, of 3 and B0f molecules crm3
(dotted lines), and the best estimate of 6185 molecules cri3 ot
(solid line). Q)

= — (kiso.oH % [OH] + kiso,0; x [03]) x [ISO]

where [ISQO], [OH], and [@] are the reactant concentrations
] . (number densities), arldso,on andkisp,0, are the reaction
with GC-MS (midday and afternoon on 11 July 2001). The rate coefficients of the reactions of isoprene with OH agd O

ratio increased several-fold within the CBL, in close agree-(Taple 4). The net chemical production of MVK and MACR
ment with Helmig et al. (1998) who reported an increase of .5, pe described by

the ratios MVK/isoprene and MACR/isoprene with height
within the CBL using tethered balloon soundings at a re-d [MVK] . (20s9
mote Peruvian Amazon rainforest site. As shown in Fig. 13, g7 > MVK.OH it Jon

a stronger gradient for (MVK+MACR)/ISO was observed a[1SO]
in the afternoon compared to midday. This difference is in  +YMvk,03 X ( o1 )
line with the convective velocity scales calculated for the af- 3
ternoon and midday flight (of 1nm$ and 1.3ms?), as a — (kmvk ,on x [OH] + kmvk .05 % [O3]) x [MVK]  (8)
slower convective velocity scale leads to longer mixing time
scales and chemical processing times, respectively. 9 [MACR] 3[1SO]
Accordingly, the even higher (MVK+MACR)/ISO ratios — 5, = YMACR.OH X ( 9t >OH
above the CBL can be understood due to the preferential re- e
moval of isoprene over its longer-lived oxidation products,  +ymacr,0, X ( )
by reactions with OH and ozone during long-term transport ot O3

in the lower free troposphere, subsequent to convective mix- — (kMACR,OH x [OH] + kmacr,0; % [03]) x [MACR]

ing by low level cumulus clouds. The trend shown in the 9)
two individual GC-MS data sets was also confirmed by the

majority of GC-FID data (8 flights), as shown for the mean where ymyk .on=0.31 andymacr,on=0.20 are the yields
values within the CBL in Fig. 14. The GC-MS data sys- of MVK and MACR from isoprene reaction with OH
tematically indicated lower mixing ratios for both isoprene in the presence of N (Ruppert and Becker, 2000);
and its primary degradation products, and therefore a similaymvk ,0,=0.17 and ymacr,0,=0.41 are the estimated
trend of (MVK+MACR)/ISO was derived by both analyti- yields of MVK and MACR from isoprene reaction
cal systems. As for the GC-MS data, stronger gradients ofwith Oz (IUPAC); kwmvk oH, Kwmvk,0;: Kmacr.on and

Atmos. Chem. Phys., 7, 2855-2879, 2007 www.atmos-chem-phys.net/7/2855/2007/



U. Kuhn et al.: Isoprene and monoterpene fluxes from Central Amazonian rainforest 2871

Table 4. Rate coefficients, photodissociation rates, and respective atmospheric lifetimes of selected VO® aA#tBspheric lifetimes
assume an OH radical concentration of:21@° molecules cr on 12-h average and{Zoncentration of z 101 molecules cri (~29 ppb)
on a 24-h average? Atkinson (2005);° Atkinson (2003);¢ Plagens (2001)¢ Kwok and Atkinson (1995)¢ Bowman et al. (2003)F
Moortgat (2001)9 Hellen (2004).

compound kon [cmmolecule s1] o4 ko, [em®moleculets™] 1o, photolytic rate  Tpnot
isoprene 1.0 E-1® 140  1.27E-1P 1.3 - -
a-pinene 5.3 E-13 26 9.00E-17 a6 - -
MVK 2.0E-112 6.9H 520E-18 34 <1E-6 >6 d

MACR 29E-1F 481 120E-18 15 <1E-6f >6d
nonanal 29E-19 33E-1f,36E-1f 50H - - 1.15E-5 1d,1.6#

kmacr,0, are the rate coefficients of the reactions of CBL over the Amazon rain forest of Peru from measured

MVK and MACR with OH and @, respectively (Ta- MVK/isoprene and MACR/isoprene ratios, assuming prede-

ble 4); and {[ISOJ/dt)on=kiso,onx[ISO]x[OH] and fined OH concentrations of 45.0° moleculescm?®. The

(d[1SO)/dt)o,=kiso,05 x[ISO]x[O3] derived from Eq. (7). (MVK+MACR)/ISO was also applied by Stoud et al. (2001)
The transport and reaction tinte after which a certain  to infer the photochemical age of air masses.

profile heightz is reached by trace constituents ascending An alternative approach to derive mean OH concentrations

from the canopy, was approximated by a generalized form ofs to apply a simple budget analysis on mean CBL mixing ra-

Eq. (6), as tios and respective fluxes to infer OH radical concentrations
(e.g., T. Karl et al., 2007). Assuming that the isoprene mix-

P (10) ing ratio is in steady state within the CBL, the amount of
w* isoprene emittedKjsop) is counter-balanced by the amount

The temporal evolution of (MVK+MACR)/ISO was simu- that is chemically degraded at the same time. According to
lated by iterative integration of the above equations with EQ. (7), the respective flux-to-lifetime relationship can then
a standard spreadsheet program (Microsoft Excel 2003; 1 §e described as
time steps) assuming constant temperature and pressurg. . — (kOH(ISO) x [OH] + kosas0) X [03]) x [ISO] x z;
(298K, 1atm). As concurrent surface measurements were (11)
not available during the flights, the mean ISO, MACR, and
MVK mixing ratios measured at the lowermost flight alti- Solving Eq. (11) for OH, using the observed CBL mean iso-
tudes (8&34 m above canopy, see Table 3) were used aprene mixing ratio of 1.5 ppb (Fig. 8) and MLG mean mid-
starting conditions for the numerical integratia<canopy  day isoprene fluxes of 6.2 mg Cthh~! that were calculated
top). The Q mixing ratios in the CBL ranged between from the respective vertical CBL profiles (Fig. 10), results in
10-20 ppb during all flights, and were set to 15ppb in all OH radical concentrations of 4<8.0° molecules cm®. The
model calculations. The OH concentration was adjusteduncertainty on the impact of entrainment fluxes of the MLG
to fit the calculated prognostic vertical profiles to the ob- approach transfers approximately linearly to the uncertainty
served profiles of (MVK+MACR)/ISO. As shown in Fig. 14, in estimating OH. Based on flux rates obtained by tower-
best fits of the chemical kinetics model to observationsbased REA measurements (1.5-5.5mgCGhr?, Fig. 6),
were obtained with OH concentrations in the range of 3—the range of estimated OH radical concentrations would be
8x10° molecules cm® (dotted lines in Fig. 14), with a best  1.0-4.0<10° molecules cm?.
estimate for all flights of 5.510° moleculescm?® (solid The OH radical concentrations derived from both,
line in Fig. 14). Assuming NQ free conditions, generat- the back-of-the-envelope calculation on observed
ing altered yields of MVK and MACR from isoprene re- (MVK+MACR)/ISO ratios (Eg. 7-10), and from the
action with OH (mvk ,0n=0.15 andymacr,0n=0.18; Rup-  simple budget analysis (Eq. 11) are about an order of mag-
pert and Becker, 2000), an even higher best guess OH comitude higher than estimated earlier. For the CBL above the
centration of about 7:610° molecules cm® is calculated.  tropical forest of Suriname, Warneke et al. (2001) predicted
Likewise, a best estimate OH radical concentration of aboutOH concentrations as low as 1x30° molecules cm?® (24 h
9.8x 10° molecules cm?® is achieved by using the numbers average), and Williams et al. (2001) suggested a range of
for isoprene, MVK and MACR measured by the GC-MS sys- 0.6—1.1x 10° molecules cm® as maximal daytime values.
tem (two flights). Likewise, OH concentrations of >2L0° molecules crm®

A similar kind of estimation was used by Helmig et were derived from variability-lifetime analysis of VOCs
al. (1998) to infer convective turnover time scales within the along back trajectories (Williams et al., 2000) and from
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simulations with the chemistry and tracer transport modelPfeiffer et al., 1998; Kroll et al., 2002). Moreover, Gold-
TM3 (Lelieveld et al., 2002, 2004). Most recent calculations stein et al. (2004) inferred that a significant part of the to-
by Karl et al. (2007) revealed OH radical concentrationstal ozone flux into a California pine forest ecosystem was
of 1-5x10° moleculescm?® for the planetary boundary due to chemical loss by reaction with VOC within the for-
layer over the Amazonian rainforest, using a 0-dimensionalest canopy; and large quantities of previously unquantified
photochemical box model including the NCAR Master oxidation products of precursor VOC have been reported by
Mechanism, and 1:80.5x10°moleculescm?® using a  Holzinger et al. (2005). The authors state that these short-
simple box technique. Their best estimate average OH ofived biogenic VOC (likely terpenoid compounds) might im-
the lower atmosphere (including the cloud layer) was 0.7—pact tropospheric composition, as they could efficiently pro-
1.5x 10° molecules cm?, due to the influence of increased duce hydroxyl radicals when oxidized by ozone.

OH production within the cloud layer.

In current chemistry and transport models, isoprene 0x-
idation is assumed to account for a massive reduction of3
OH concentrations (Grosjean, 1995; Poisson et al., 2000;
Roelofs and Lelieveld, 2000). In contrast, our empirical esti- ) _
mate compares to typical concentrations of OH in a mod-The  best-estimate mean OH  concentration  of
erately polluted atmosphere. Similarly, Tan et al. (2001)5-5.><106 moleculescrii and observed mean 3Omixing
also observed OH concentrationsix 106 moleculescm®) ~ atios of 15ppb were used to correct all isoprene and
much higher than model-predicted, in a high isoprene and¥-Pinene vertical profile data within the CBL according
low NOy environment 10 m above a northern Michigan for- 10 EQs. (7) and (10). Under these conditions, the isoprene
est canopy. They concluded that even a postulated adgichemical degradation was by far dominated by the reaction
tional OH source from the ozonolysis of undetected vocsWwith OH, and the contribution of ozonolysis was calculated
was insufficient to account for the observed high “OH reac-t0 be only about 1%. On the other hangpinene reacts
tivity” (see also Di Carlo et al., 2004). Accordingly, Drey- more slowly with OH, whereas the reaction of ozone
fus et al. (2002) reported a mean OH concentration of 9ywth a-pinene is apprquately ten times faster than with
(+£4)x 10° molecules m3, deduced from MVK/MACR ra-  isoprene (Table 4), whmh_ partly compensates for the _slovx_/er
tios observed at a rural Sierra Nevada Mountain site, whichOH-dependent degradation, revealing a mean contribution
was influenced by an adjacent high isoprene emitting oakf 0zonolysis onx-pinene degradation of about 13%.
forest. Most recently, Kleffmann et al. (2005) measured The chemical reactions of VOCs during transport within
the diurnal variation and, for the first time, determined the the CBL (canopy to CBL top) led to a reduction of the ver-
vertical distribution of OH in and above a mixed decidu- tical gradients by, on average, 40% (30-57%) for isoprene
ous temperate forest site in a rural area of Germany. Theynd 26% (19-40%) far-pinene, dependent on the estimated
also reported remarkably high midday concentrations of 4-CBL heights and calculated convective velocity scales of
9% 10° molecules cri above the canopy, dependent on the the individual flights. The consequential reductions of cal-
variation of solar ultraviolet radiation. Unfortunately, direct culated MLG fluxes were of the same magnitude (on aver-
measurements of OH are not yet available within the CBL ofage 54% for isoprene and 33% farpinene), irrespective
a tropical forest, but the aforementioned references seem tof whether the traditional (Davis et al., 1994) or modified
support the results of our back-of-the-envelope calculation. (Patton et al., 2003) MLG-equations were applied. The de-

The predominance of isoprene, combined with its high re-rived adjusted MLG fluxes for each CBL profile and supple-
activity, is likely the key factor in OH reactivity (Di Carlo mentary parameters of the airborne measurements used for
et al., 2004). The production of OH radicals in general isthe MLG flux calculations are listed in Table 3. A compi-
expected to be at maximum in the tropics, where the sodation of all tower-based flux data together with the fluxes
lar zenith angle is smallest, the stratospheric ozone layer igalculated from airborne measurements with/without consid-
thinnest, and the air humidity is highest (Lelieveld et al., eration of a chemical adjustment is shown in Fig. 10. Only
2004). Oxidation of biogenic VOCs by OH in the presence by taking into account the substantial chemical degradation
of NOx is the principal source of tropospherigz @Klein- of observed VOC mixing ratios a reasonable agreement be-
man et al., 2002; Ryerson et al., 2001). However, ozongdween MLG fluxes and those derived by tower-based mea-
produced near the surface in the central tropics is expectedurements was achieved. It has to be noted that the tower-
to be rapidly destroyed via photolysis forming OH, due to abased measurements were conducted in the week after the
combination of low stratospheric column density, high rel- airborne measurement campaign, which also might have con-
ative humidity, and temperature. Likewise, significant OH tributed to the bias of results. However, the weather condi-
radical formation by the reactions of ozone with isoprenetions were similar in both measurement periods, and only
and monoterpenes and their degradation products has beehe respective daytime hours of the flights (10:00-12:00 and
suggested during both daytime and nighttime (Paulson and 6:00-18:00 LT) were selected for tower-based VOC fluxes
Orlando, 1996; Paulson et al., 1997; Donahue et al., 1998shown in the comparison (Fig. 10).

.3.6 MLG fluxes using chemically corrected VOC mixing
ratios
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_ An alternative method to test the different impacts of the Nonanal [ppb]

time scales of turbulent mixing and chemistry is to find a

scalar that is emitted from the same source, but does not 0.000  0.025 0050  0.075
chemically decay on the time scale of convective turnover. ' ' ' ' ' ' '
Nonanal is found ubiquitously in forest environments, and o~-pinene [ppb]
biogenic emissions are reported in the literature (Ciccioli et

al., 1993; Owen et al., 1997; Kirstine et al., 1998; Wildt et 15000 005 010 045
al., 2003; leda et al., 2006), hence the source distribution —=—isoprene
of this compound can be assumed to be similar to isoprene —A—a-pinene
anda-pinene. Nonanal has an atmospheric lifetime of sev- ] --1--isoprene
eral hours (assuming>510° molecules cm® OH; roughly a — VVVAV——a-pinenecm
factor of 3 longer than isoprene; Moortgat, 2001) and is not = e nonanal

likely to be produced in the remote atmosphere by chemi- 2
cal reactions (Matsunaga et al., 2003), so that nonanal seemsQ 1000+
to be a good candidate to infer the role of turbulent mixing
within the CBL. Nonanal is produced from the ozonolysis g, A AP
of unsaturated fatty acid lipids, which are components of the T Lo
plant epicuticular waxes (Fruekilde et al., 1997; Bowman et
al., 2003). The downside of using nonanal is that there are
potential interactions (production or deposition) with atmo-
spheric particulate matter (Matsunaga et al., 2003; Bowman ‘@

et al., 2003; Moise and Rudich, 2002) whose impact on ver-

tical profiles of nonanal can not yet be assessed. Also, there

might be potential artefacts during the sampling and analyti-

cal procedure (Helmig et al., 1996).

The observed absolute mixing ratios of nonanal during the 0 , ,
airborne measurements of LBA-CLAIRE 2001 were in the 0 1 2 3
low ppt range (Fig. 15) and the vertical profiles revealed
a large scatter. Nevertheless, keeping in mind the uncer-
tainty of this approach, the observed mean values of nonanal
showed a vertical profile as expected for a compound emitFig. 15. Observed anq chemis?ry adjusted vertical profiles of iso-
ted by the forest. Presuming that nonanal is biogenic and€n€ (squares) and-pinene (triangles). For comparison the ob-
can be considered as a conserved scalar within the timgerved vertical profile of_nonanal (circles) is shown, which is as-

. . . . . Sumed to be a scalar emitted from the forest canopy, but conserved
_scales of CBL convective turnO\_/e_r, its depletion with height within the time scales of convective turnover.
is largely driven by turbulent mixing. The observed deple-
tion of nonanal between the upper- and lowermost sampling
heights within the CBL was on average only 25%, com-

pared to an observed isoprene depletion of 58% (54% fofaﬁe_cting the simulated mixing ratios_of isoprene and_ i_ts ox-
a-pinene) (Fig. 15). This rough estimate would indicate thatdation products. To explore these issues, the modification

the residual impact of chemical destruction in isoprene de_of the vertical isoprene profiles associated with the chemical

pletion on average would be about 33% for isoprene (299¢°Xidation involving @, OH, and NQ, and the build-up of

for a-pinene). These values are within a similar range as thiegradation products has also been simulated with the above
respective chemical corrections of 31% for isoprene (19%Mentioned single-column chemistry and climate model.

for a-pinene), calculated by Eq. (7) using a best-estimate Figure 16 shows the model-simulated midday and after-
OH concentration of 5.610° moleculescm? (Fig. 15). If  noon vertical profiles of (MVK+MACR)/ISO for 20 July
chemical degradation of nonanal within the CBL were con-2001, a period when the conditions were approximately rep-
sidered, an even slightly larger role of chemistry versus transfesentative of the study period. The modelled vertical pro-

p

can

abov

500 -

gh

port would be implicit from this approach. files of this ratio are comparable to the observations, i.e., in
good agreement in the middle of the PBL, but with lower val-
3.3.7 SCM results on atmospheric chemistry ues close to the surface, and larger values close to the CBL

top. Still, during daytime the absolute mixing ratios of iso-
We are aware that the estimate of OH radical concentrationprene (and to a lesser extent MVK and MACR) are a factor
presented above ignores the possible impact of biospheresf 2—3 higher in the model than in the observations, espe-
CBL-free troposphere exchanges, dry deposition removalcially close to the surface. In spite of a good representation
and an expected, but yet unknown, vertical gradient of OHof the simulated isoprene flux, the SCM model analysis on
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1000 ences of atmospheric chemistry and turbulent mixing on the
vertical distribution of these species in the model is ongoing.
E 800 -
§ 4 Summery and conclusions
c
s 600 - . . .
o Two tower-based micrometeorological flux techniques were
(] . ..
3 I all flights used to infer the emission source strength of VOCs at a re-
S 400 - A midday flights mote tropical rainforest site, and indicated reasonable agree-
= @ afternoon flights ment. The SLG approach revealed somewhat higher emis-
K= | ¢ tower data sion rates and a considerably higher scatter than REA, as was
@ 200 —SCM 17:00 LT : . . )
o — SOM 11:00 LT expected by the high degree of uncertainty of this method in
complex terrain. The observed fluxes showed that VOCs may
0 @ w be a substantial and integral part of the regional carbon cy-

0.0 0.5 1.0 1.5 2.0 cle. Critical limitations in the quest of quantifying the role of
. VOC:s in the regional and global carbon budget were found
MVK+MACR . e .
( CR)fisoprene in the uncertainties of both, VOC and ¢®ux estimates.

Fig. 16, Verical profies of (MVKsMACRisoprene witnn _ T1e aifborme approach, using CBL. vertica pofiles tonfer
the CBL as in Fig. 14. The solid lines show the results of UXes, Included the footprint of the tower-based mea-

the observation-driven comprehensive SCM model for middaySUrements, but was representative of a significantly larger
(11:00LT, grey line) and afternoon (17:00LT, black line) condi- Surface area of several hundred %nNevertheless, the re-
tions. mote tropical forest site is homogeneous upwind of the K34
tower site, with pristine rainforest dominating the large foot-
print area of the flight measurements. However, MLG flux
the absolute mixing ratios of these compounds indicates thagéstimates are influenced by the assumptions made on bound-
a state-of-the-art atmospheric chemistry model might simu-ary layer turbulence dynamics and atmospheric chemistry;
late appropriate vertical profiles of the (MVK+MACR)/ISO, and the oxidation and transport time scales were found to
but for the wrong reasons, i.e. too high mixing ratios of all be of similar magnitude. This leads to a coupling between
compounds. The OH concentrations in the model within CBL atmospheric chemistry and transport issues, ultimately
the CBL were up to 210°moleculescm3. A higher  generating conceptual and practical difficulties in estimating
modelled OH concentration would result in a better repre-fluxes of reactive scalars like biogenic VOCs.
sentation of observed isoprene mixing ratios in the lower A predominance of OH reactions in the chemical degra-
CBL, and a better agreement of (MVK+MACR)/ISO close dation of isoprene was inferred from the observed ratios
to the surface (Fig. 16). However, the overall faster deple-MVK/MACR within the CBL. Reaction with OH initi-
tion of reactive compounds would also affect the simulatedates the oxidation and removal of most trace gases, and
(MVK+MACRY)/ISO in higher altitudes and the vertical gra- is therefore of the greatest importance for the compo-
dients would become stronger than in the observations. sition of the atmosphere. The observed vertical gradi-
An alternative rationale for too strong vertical gradients ents of (MVK+MACR)/ISO were indicative of a remark-
in the predicted ratio would be an underestimation of tur-ably high oxidation capacity. A simple chemical kinet-
bulent mixing in the model (see also von Kuhlmann etics model of this ratio was used to estimate the mean OH
al., 2004). Due to longer chemical lifetimes compared concentration within the CBL, providing a best estimate of
to that of isoprene, the observed absolute mixing ratios5.5+2.5x 10f molecules cm?®, which was also supported by
for MVK and MACR showed relatively weak gradients results of a simple budget analysis based on the flux-to-
(Fig. 12) compared to those of isoprene. An increase inlifetime relationship of isoprene within the CBL. The pho-
turbulent mixing would mainly reduce the modelled iso- tochemical oxidation of VOCs within the CBL contributed
prene gradient and thus result in a reduced gradient irconsiderably to the shape of their vertical profiles, and ne-
(MVK+MACRY)/ISO, with higher values close to the sur- glecting chemical destruction of VOCs was shown to cause
face, and lower values in the upper regions of the CBL, thusa systematic overestimate of the effective gradients applied
being more representative of the observed vertical profilego calculate VOC fluxes. The predominance of isoprene and
of (MVK+MACR)/ISO (Fig. 16). This implies that an en- its degradation products, combined with its high reactivity,
hanced mixing efficiency may be required in the model tois likely a key factor in the tropical CBL atmospheric chem-
arrive at comparable absolute VOC concentrations as well agstry, but the influence of VOCs on the oxidation capacity in
vertical gradients of (MVK+MACR)/ISO. We can not con- models still has high uncertainties (Lelieveld et al., 2004).
clusively derive the different impacts of the factors influenc- Current global atmospheric chemistry models tend to pre-
ing (MVK+MACR)/ISO. A more detailed study of the influ- dict that strong VOC emissions from terrestrial ecosystems
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cause substantial reductions in tropospheric OH concentraBarket, D. J., Grossenbacher, J. W., Hurst, J. M., et al.: A study
tions. However, the role of partly oxidized hydrocarbons and of the NOx dependence of isoprene oxidation, J. Geophys. Res.-
yet undetected reactive VOCs on OH Chemistry is h|gh|y un- Atmos., 109(D11), D11310, doi:10.1029/2003JD003965, 2004.
certain (Di Carlo et al., 2004). In spite of a realistic repre- BeY: I., Jacob, D. J., Yantosca, R. M., et al.: Global modeling
sentation of the simulated isoprene surface fluxes, our SCM ©f tropospheric chemistry with assimilated meteorology: Model
model analysis produced mixing ratios of isoprene and its gg%‘g'sptgo%%d ;gg'luat'on’ J. Geophys. Res.-Atmos., 106(D19),
degradation products MVK and MACR which were much ' '

. . s . Biesenthal, T. A., Bottenheim, J. W., Shepson, P. B., and Brickell,
higher than observations, indicative of large remaining un- P. C.: The chemistry of biogenic hydrocarbons at a rural site

certainties with respect to chemistry and transport processes. i, gastern Canada, J. Geophys. Res.-Atmos., 103(D19), 25 487—
Further studies are currently conducted to help better char- 25498 1998.

acterize biosphere-atmosphere exchanges and the oxidati®btta, A., Ramankutty, N., and Foley, J. A.: Long-term variations
capacity of the Amazon Basin, which contains the world’s of climate and carbon fluxes over the Amazon basin, Geophys.
largest humid forest ecosystem, much of which is undergo- Res. Lett., 29(9), 1319, 10.1029/2001GL013607, 2002.

ing profound Changes due to human activities. Bowman, J. H., Barket, D. J., and Shepson, P. B.: Atmospheric
chemistry of nonanal, Environmental Science & Technology,

37(10), 22182225, 2003.
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