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[1] Disjunct eddy covariance in conjunction with continuous in-canopy gradient
measurements allowed for the first time to quantify the fine-scale source and sink
distribution of some of the most abundant biogenic (isoprene, monoterpenes, methanol,
acetaldehyde, and acetone) and photooxidized (MVK+MAC, acetone, acetaldehyde,
acetic, and formic acid) VOCs in an old growth tropical rain forest. Our measurements
revealed substantial isoprene emissions (up to 2.50 mg m�2 h�1) and light-dependent
monoterpene emissions (up to 0.33 mg m�2 h�1) at the peak of the dry season (April and
May 2003). Oxygenated species such as methanol, acetone, and acetaldehyde were
typically emitted during daytime with net fluxes up to 0.50, 0.36, and 0.20 mg m�2 h�1,
respectively. When generalized for tropical rain forests, these fluxes would add up to a
total emission of 36, 16, 19, 106, and 7.2 Tg/yr for methanol, acetaldehyde, acetone,
isoprene, and monoterpenes, respectively. During nighttime we observed strong sinks for
oxygenated and nitrogen-containing compounds such as methanol, acetone, acetaldehyde,
MVK+MAC, and acetonitrile with deposition velocities close to the aerodynamic limit.
This suggests that the canopy resistance (Rc) is very small and not the rate-limiting
step for the nighttime deposition of many VOCs. Our measured mean dry deposition
velocities of methanol, acetone, acetaldehyde, MVK+MAC, and acetonitrile were a factor
10–20 higher than estimated from traditional deposition models. If our measurements are
generalized, this could have important implications for the redistribution of VOCs in
atmospheric chemistry models. Our observations indicate that the current understanding of
reactive carbon exchange can only be seen as a first-order approximation. INDEX TERMS:
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1. Introduction

[2] Predicting the role of the biosphere in the behavior of
the Earth system and understanding the interaction between
ecosystems and the atmosphere is becoming an increasingly

important part of atmospheric science. Historically volatile
organic compounds (VOCs) have been recognized as a
central part in atmospheric chemistry [Trainer et al.,
1987]. Oxygenated compounds, such as acetone, can also
influence the HOx cycle in the upper troposphere [McKeen
et al., 1997] or can be converted to acetylperoxy radicals by
atmospheric oxidation and lead to formation of peroxyacetic
nitric anhydride (PAN) type compounds, which act as
relatively long-lived temporary reservoirs for nitrogen
oxides (NOx) [Roberts et al., 2002]. As interest in devel-
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opment of Earth system models is rapidly growing, it is
becoming clear that VOCs are not only an intrinsic part of
the carbon cycle but can also have profound ramifications
on the global climate system. Collins et al. [2002], for
example, showed that the flux of reactive carbon into the
atmosphere and its associated effects on global HO distri-
butions can have a significant impact on the lifetimes of
important greenhouse gases and the abundance of O3.
Andreae and Crutzen [1997] argued that emissions of VOCs
could exert additional control over cloud development and
precipitation by influencing formation, growth and hygro-
scopic properties of cloud condensation nuclei (CCN),
which in turn could have important feedbacks on evapo-
transpiration and the hydrological cycle [Barth et al., 2004].
[3] Future land use change is expected to have the most

significant impact in the tropics, although some global
climate models predict ecosystem collapse in the Amazon
basin due to warming and drying in this region [Cox et al.,
2000]. Considering the importance of tropical ecosystems
on atmospheric processes [Crutzen et al., 2000], available
data on the exchange of reactive carbon in these regions are
still very scarce.
[4] Classical approaches in ecophysiology, which involve

mechanistic studies over the controls of trace gas exchange
at the leaf and branch level [Harley et al., 1997; Schnitzler
et al., 2002], are challenged by the high species diversity in
tropical ecosystems [Harley et al., 2004]. There is also
growing evidence that additional processes, such as distur-
bance/wounding [Litvak et al., 1999; Fall et al., 1999] and
various microorganisms feeding on VOCs, e.g., isoprene
[Cleveland and Yavitt, 1997], can potentially influence the
exchange of reactive carbon. In recent years, canopy crane
sites have made it possible to access plant communities at
different heights, allowing studies in various parts of the
canopy [Ozanne et al., 2003]. Despite this progress, the
biodiversity and the complex three-dimensional structure of
tropical canopies make it extremely difficult to extrapolate
exchange processes only based on leaf and branch level
observations in any representative manner. In order to
obtain meaningful results at the ecosystem level, quantifi-
cation of the overall exchange processes also needs to be
based on micrometeorological techniques and whole canopy
measurements. Following recent advances in measuring
canopy scale VOC fluxes by indirect and direct methods
[Schade and Goldstein, 2001; Karl et al., 2001, 2002a,
2003; Baker et al., 2001; Rinne et al., 2002; Warneke et al.,
2002], we deployed a proton-transfer-reaction mass spec-
trometer for disjunct eddy covariance and in-canopy gradi-
ent measurements in an old-growth lowland rain forest in
Costa Rica during the drier season in 2003. Our measure-
ments show a complex behavior of emission and deposition
of some of the most abundant VOCs within and above the
canopy and suggest that our current understanding on their
chemical and physical cycling is still in its infancy.

2. Site Description and Experimental Details

[5] The La Selva Biological Station (10.43 N, 83.93 W,
80–150 m a.s.l.) is situated in the lowland tropical wet
forests of the canton Sarapiqui, province of Heredia, Costa
Rica. The tower is surrounded by old-growth tropical
wet forest dominated by trees of the canopy species

Pentaclethra macroloba (�34% of total forest basal area
[Clark and Clark, 2000]). The landscape-scale median
canopy height is 23 m [Clark et al., 1996], with some
emergent trees exceeding 50 m (D. B. Clark, unpublished
data). Surface winds during this study were dominantly
between SSE and WSW, a distribution similar to that
previously found at this site by Loescher et al. [2004].
The mean wind speed was 2 m/s; the wind speed typically
peaked in the afternoon around 1500 local time at ca. 2–
4 m/s and stayed above 1.5 m/s during most nights. The
maximum wind speed we observed was 5 m/s. Half-hour
mean temperatures during our study period ranged between
24 and 32�C. The 2003 dry season (January–March) was
characterized by remarkably little precipitation with
drought-like conditions toward the end, caused by changes
in general atmospheric circulation due to an ENSO year. At
the start of the experiment (April 2, 2003) the VOC analysis
equipment (1 modified PTR-MS, Ionicon, Austria; 2 gas
chromatographs: Shimadzu Inst., Kyoto, Japan, Model GC
Mini2; Photovac Voyager portable gas chromatograph (GC)
Perkin-Elmer, Norwalk, Connecticut) was housed in one of
the station’s air-conditioned laboratories at a clearing where
we used it for 10 days of concentration measurements from
5 m above the ground as well as for leaf-level enclosures
(J. Herrick et al., manuscript in preparation, 2004). After
the initial startup phase, the PTR-MS instrument was
transferred to the instrument shed adjacent to the 42 m
CARBONO eddy flux tower [cf. Loescher et al., 2004],
located ca. 1.8 km into the old-growth forest from the
laboratory clearing. In addition to the VOC measurements,
NOx and NOy concentration gradients (Thermoenvironmen-
tal Instruments Inc., 42S, with external converter) were
measured at the tower at 5 heights (5–25 m) during the
first 2 weeks of the experiment. During the last week of the
study, ozone profiles were measured using a UV absorption
sensor (Model 202, 2B Technologies, Golden, Colorado).
Micrometeorological measurements at the tower were per-
formed using two sonic anemometers; one was mounted at
the top (RM Young, 81000, Campbell Scientific, Inc.) for
direct eddy covariance measurements and one was installed
at various heights inside the canopy (K-Probe, Applied
Technologies, Inc.) for obtaining an in-canopy variance
profile. The leaf area index was measured indirectly using
the LAI2000 (LI-COR, Lincoln, Nebraska). The local
leaf area index of 4.23 m2/m2 is on the low side of
typical landscape-scale level values for this forest (average:
6 m2/m2, D. Clark, personal communication) and might
therefore not be representative for the whole ecosystem. In
the present case we primarily use it as a qualitative measure
to illustrate the canopy structure surrounding the tower. Air
was pulled through a 50 m teflon line (O.D. = 1=4

00) from
the top of the sampling tower at a high pumping speed
(�15 L/min), reducing the pressure inside the line to
400 mbar in order to avoid water condensation inside the
line, minimize memory effects and assure a fast response
time. The overall delay time for eddy covariance measure-
ments was 7 s, measured by spiking an isoprene and acetone
pulse at the top of the tower. For the gradient measurements
two 50 m lines were continuously flushed with the same total
flow rate (15 L/min) resulting in delay times of 14 s. The
canopy line was pulled by a dolly attached to a computer-
controlled winch, and sampled from the ground to 30 m
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height. The canopy line was moved at a constant speed of
0.2 m/s resulting in a continuous profile every 3 min. After
2 profiles (every 6 min), we measured the reference concen-
tration at 42 m for 30 s by switching the PTR-MS instrument
to the top (42 m) line. The PTR-MS instrument has been
described in detail elsewhere [Lindinger et al., 1998]. We
have also recently described operational conditions for eddy
covariance and disjunct eddy covariance measurements and
have characterized response times and damping effects in
long lines [Karl et al., 2001, 2002a]. The quantification of
VOCs was based on gravimetrically prepared calibration
standards with an estimated uncertainty on the order of
±20%. Reference measurements for determining the instru-
mental background were taken through a catalytic converter
(platinum wool at 430�C) and were performed every 30 min
to 2 h.

3. Flux Methodology

[6] In general the eddy covariance measurements per-
formed above a forest canopy are related to the source and
sink terms according to the mass balance equation,

FhVOC þ @

@t

Z

h

0

CVOC zð Þ � dz ¼ �
Z

h

0

DVOC zð Þ � dz; ð1Þ

where FVOC
h is the turbulent flux of a VOC at a reference

height h, CVOC(z) is the concentration (integrated over height
to get the storage term), and DVOC(z) is the height-dependent
emission or deposition from surfaces. During daytime
the storage term is typically small (<20%) compared to the
turbulent flux, whereas at night the contribution of the
storage term dominates (>80–90%) and is much larger than
the turbulent flux. Daytime disjunct eddy covariance fluxes
were calculated following previously published procedures
[Karl et al., 2002a; Rinne et al., 2002].
[7] Numerous studies [e.g., Steffen and Denmead, 1988]

found that transport within canopies cannot be described by
a purely diffusive component. Modified K-theory can
therefore not be used for calculating source terms based
on concentration gradients. Nonhomogeneous diffusion in a
dense canopy is typically characterized by a dispersion
matrix, which relates the concentration field to individual
source/sink layers. We compare three methods for calculat-
ing in-canopy diffusion: (1) the localized near field theory
(LNF) [Raupach, 1986a, 1986b], (2) the continuous near
field theory (CNF) [Warland and Thurtell, 2000], and (3) a
random walk model [Baldocchi et al., 1987]. Input param-
eters for all methods were based on measured profiles of
turbulence (sw/u*) and the estimated Lagrangian Timescale
(TL) [Raupach, 1986a],
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with h (canopy height), z (height above ground), a1 = 1.1,
a0 = 0.1, u* (friction velocity), sw (standard deviation of the
vertical wind velocity), d (displacement height estimated to
be �2/3 of the canopy height), c0 = 0.3, and c1 = 0.4/a1

2. The
parameters a0 and a1 were fitted using the measured
turbulence profiles (sw/u*). The dispersion matrices (D)
were calculated using Lagrangian dispersion theory accord-
ing to Nemitz et al. [2000] and Warland and Thurtell [2000]
and the random walk model adopted from CANVEG
[Baldocchi et al., 1987] as outlined in Appendix A. The
source/sink distribution was computed according to

~C� Cref ¼ D
$
�~S ð3Þ

with C (concentration vector), Cref (concentration at
reference height), D (dispersion matrix), and S (source/sink
vector).
[8] Figure 1 shows a comparison between the outputs of

the LNF, the CNF, and the random walk model. The
horizontal axis shows the concentration difference from
the mean between the three models. On average the calcu-
lated deviation between the three methods lies within
reasonable uncertainty (±20%), which is encouraging.
Based on a given source distribution (following a typical
Leaf Area Index (LAI) profile shown on the right panel) the
random walk model predicts a higher concentration profile
than the CNF approach in the upper part of the canopy. The
LNF model typically lies within ±20% of the CNF and
random walk model, especially in the upper part of the
canopy, where most of the VOC emissions occur. The
solution (source S) to the inverse problem (equation (3))
was calculated numerically solving an overdetermined set
(concentration layers (zc) > source layers (zs)) of equations.
In order to achieve satisfying accuracy we found that for
each source layer at least two concentration layers should
be used. The final source distributions shown in Figures 5
and 6 (middle panels) were calculated using a 20 
 6
dispersion matrix. We do not attempt to separate ground-
level emissions from those in the first 2 m due to limitations
of the sw/u* parameterization in the ‘‘basal layer’’ [Wilson
and Flesch, 1993]. A more detailed assessment of the sw/u*
parameterization was described by Nemitz et al. [2000],
who found that despite these limitations close to the ground
the net flux above the canopy is not affected. Low wind
speeds and stable conditions during nighttime can be
problematic. Siqueira et al. [2002] compared the CO2

distribution and net flux of three canopy models with direct
eddy covariance measurements at Duke forest, a site char-
acterized by wind speeds that are generally lower than at the
present flux tower. In general, nighttime eddy covariance
measurements have to be used with caution as they are
subject to potential systematic errors at low wind speeds
[Saleska et al., 2003]. Assuming that nighttime fluxes
can be accurately measured by eddy covariance, Siqueira
et al. [2002] found that canopy models (including the
LNF model) in general overpredict the net CO2 flux
during nighttime. A regression between the net CO2 flux
inferred from the LNF model and measured by eddy
covariance yielded a slope of 0.74 for unstable and stable
and 1.3 for neutral conditions. The maximum difference
between eddy covariance and the ILT model during night-
time was reported to be a factor of 2. During nighttime our

(2a)
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measurements suggest that part of the deviation between
the gradient and eddy covariance method occurs due to
formation of an inversion layer at the top of the canopy
[Fitzjarrald and Moore, 1990], which decouples air masses
above and below the forest canopy. If the reference height
of the concentration measurement lies above the inversion
layer, the net flux based on canopy gradient models is
systematically overpredicted.

4. Results

4.1. Observed VOCs at La Selva

[9] The selectivity of the PTR-MS technique has recently
been investigated thoroughly in a variety of field deploy-
ments [de Gouw et al., 2003a, 2003b; Warneke et al., 2003;
Kuster et al., 2004]. In the present study the major
VOCs detected by the PTR-MS technique were methanol
(m/z 33+), acetonitrile (m/z 42+), acetaldehyde (m/z 45+),
acetone (m/z 59+), formic acid (m/z 47+), acetic acid
(m/z 61+), isoprene (m/z 69+), the sum of all C10H16

monoterpenes (m/z 81+ and m/z 137+), MVK+MACR
(m/z 71+), benzene (m/z 79+), and toluene (m/z 93+).
The collisional energy in the drift tube of the PTR-MS
instrument was high enough to fragment a significant
fraction (>90%) of ethanol (m/z 47+) into m/z 19+ and
reduce interference with formic acid detection. Other inter-
ferences at m/z 61+, such as photochemically produced
glycolaldehyde, were assessed using the NCAR Master
Mechanism (MM) [Madronich and Calvert, 1989] and
appeared to be minor (<10%). We consistently observed a

diurnal cycle on m/z 47+, paralleling that on m/z 61+. The
mean concentrations observed on m/z 61+ (1 ppbv) and m/z
47+ (1.3 ppbv) at La Selva are comparable to measurements
of gas-phase formic and acetic acid performed in a tropical
cloud forest in Costa Rica [Sanhueza et al., 1992], who
report 1.7 and 1.4 ppbv for HCOOH and CH3COOH,
respectively, during the dry season. We therefore mainly
attribute formic and acetic acid to m/z 47+ and m/z 61+,
respectively. This assumption is supported by recent field
observations of acetic acid by de Gouw et al. [2003b], who
compared ambient measurements of the PTR-MS instru-
ment with those obtained from a fog chamber.
[10] Typical diurnal cycles measured at 5 m above the

ground in the main laboratory clearing (average: dashed
dotted lines) and at the top of the 42-m-tall tower in old-
growth forest (ca. 1.8 km SW of the laboratory clearing)
(average: solid lines) are shown in Figures 2a and 2b. In
general, the concentration patterns at both locations are
similar, suggesting a rather homogenous distribution of
these compounds, as expected for species that are primarily
derived from biogenic sources (e.g., isoprene and mono-
terpenes) and from atmospheric oxidation of precursor
compounds (e.g., MVK+MACR). Ambient concentrations
of the isoprene oxidation products MVK+MAC are com-
parable to mixing ratios found in the Amazon [Kesselmeier
et al., 2002a].
[11] Tracer compounds for biomass burning (acetonitrile:

m/z 42+) and primary anthropogenic emissions (benzene
m/z 79+, toluene m/z 93+) were used to assess disturbances
(Figure 2b) and reached similar concentrations at the tower

Figure 1. Comparison of the calculated concentrations between the LNF [Raupach, 1986a], the CNF
[Warland and Thurtell, 2000], and the random walk [Baldocchi et al., 1987] models, based on a given
source profile following the LAI profile shown on the right side and expressed as a relative deviation
from the mean. See color version of this figure at back of this issue.
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and the laboratory clearing (for clarity, only the data from the
laboratory clearing are shown). Benzene and toluene con-
centrations were in general low during daytime (ca. 15 pptv)
and increased during nighttime up to 100 pptv. This is
consistent with the idea of evenly distributed anthropogenic
background emissions building up during nighttime due to
the collapse of the boundary layer. Mean acetonitrile mixing
ratios showed a pronounced diurnal cycle with mean
daytime concentrations (300 pptv) higher than nighttime
concentrations (100 pptv) and the lowest concentrations
(80 pptv) typically occurring in the early morning. We
attribute this cycle to an increased diurnal background
building up during daytime due to small-scale biomass
burning activities and a decrease after sunset driven by dry
deposition. Even though the study was conducted at the end
of the dry season, distant burning activities, e.g., on planta-
tions, were observed from the tower on several occasions.

The opposite diurnal cycles of acetonitrile, benzene, and
toluene suggest that the later two compounds are not pro-
duced by biomass burning to a great extent, but are related to
diffuse area sources such as cars and diesel generators, found
both at the La Selva station and in the surrounding region,
and commonly used throughout the rural tropics. It also
argues that acetonitrile emissions are greater and benzene and
toluene emissions are smaller than dilution effects caused by
the growing boundary layer during daytime.
[12] The average time since emission of isoprene (t) and

its detection at the inlet was determined from the ratio of
isoprene and its oxidation products MVK+MAC, as
depicted in Figure 3. During daytime the average ratio
MVK+MAC to isoprene was 0.54, well within the range
(0.1–1.7) observed in other tropical ecosystems [Andreae et
al., 2002; Kesselmeier et al., 2002a]. We can define an
average relative age since emission (t/t) with respect to the

Figure 2a. Ambient concentrations measured at the laboratory clearing (dashed line) and tower (solid
line). The gray shaded area represents the concentration range observed during the whole study at the
tower.
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photochemical lifetime (t) for the mean concentration
measurement of isoprene. This ratio followed a Gaussian
distribution centered on 0.5 at the laboratory clearing and
0.8 at the tower. Thus, assuming an average photochemical
lifetime of 40 min during the day, the average age of the

mean isoprene abundance would be 20 and 32 min at the
laboratory clearing and tower, respectively; the footprint of
the isoprene concentration measurement can subsequently
be estimated to be within 2.4 and 3.8 km at an average wind
speed of 2 m/s. The footprint for the flux measurement

Figure 2b. Average diurnal concentration cycle of benzene, toluene, and acetonitrile at the laboratory
clearing.

Figure 3. Distribution of the ratio between isoprene and its oxidation products MVK+MAC expressed
as ratio between time since emission (t) and photochemical age (t).
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under unstable conditions was estimated to be even smaller
(<1 km) according to Horst and Weil [1992].

4.2. Fluxes Measured by Disjunct Eddy Covariance

[13] Figure 4 depicts diurnal fluxes measured by disjunct
eddy covariance at the top of the 42 m tower between April
16 and May 5, 2003. During 4 days within this period,
gradient measurements were performed. General aspects of
disjunct sampling strategies have been described in detail
elsewhere [Rinne et al., 2001; Karl et al., 2002a]. Mean
(maximum) midday net fluxes were on the order of
0.13 (0.5), 0.08 (0.2), 0.09 (0.36), 1.35 (2.9), and 0.1
(0.33) mg m�2 h�1 for methanol, acetaldehyde, acetone,
isoprene, and the sum of monoterpenes, respectively. The
isoprene flux (1–3 mg mg m�2 h�1) is comparable to
previous canopy scale measurements (2.5 mg m�2 h�1) at

the same tower during the high-rain month of October 1999
using the relaxed eddy accumulation method [Geron et al.,
2002] and followed the expected light and temperature
dependence. A more detailed assessment of leaf level and
canopy scale isoprene emissions will be presented else-
where (J. Herrick et al., manuscript in preparation, 2004).
[14] In contrast to leaf level measurements by Geron et al.

[2002], who screened 20 common tree and liana species
from this forest, the present study shows a significant release
of monoterpenes with a total flux up to 0.33 mg m�2 h�1.
Furthermore our observations of maximum fluxes (and
concentrations) during daytime show that total monoterpene
emissions are light- and temperature-dependent (Table 1).
Kuhn et al. [2002a], for example, found that the tropical
species Apeiba tibourboumainly emitted sabinene, a-pinene,
and b-pinene in a very similar light- and temperature-

Figure 4. Diurnal cycle of fluxes observed by eddy covariance. The gray area depicts the range
observed at the site during 3 weeks of measurements.
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dependent fashion. Our canopy level observations confirm
and generalize previous leaf level measurements of various
tropical species. The total monoterpene flux inferred from
our eddy covariance measurements (Figure 4) is also com-
parable to the sum of alpha and beta pinene fluxes observed
above the Amazon by Rinne et al. [2002]. In addition, our in-
canopy profiles suggest that at least part of the nighttime
abundance was likely related to herbivory. A more detailed
assessment of VOC emissions due to wounding will be
presented elsewhere (J. Sparks et al., manuscript in prepa-
ration, 2004).
[15] Acetone fluxes obtained from the current study

(maximum: 0.36 mg m�2 h�1) are substantially lower than
those reported by Geron et al. [2002], who found emissions
up to 2.2 mg m�2 h�1. Similarly we observed methanol
fluxes that were a factor of 3 lower compared to those
measured by Geron et al. [2002], but additional eddy flux
measurements are required to determine if these differences
are due to seasonal variations or because of the small
number of wet season samples and the relatively large
uncertainties associated with the cartridge REA measure-
ments. Seasonal variations in net fluxes of acetone and
methanol could be due to changes in ecosystem function or
a result of increased deposition from regional biomass
burning during the dry season. Our measurements (both
DEC and the ILT method) suggest that acetone is predom-
inantly emitted during daytime, in contrast with observa-
tions by Andreae et al. [2002], who report deposition fluxes
of acetone of 232 ng m�2 s�1 during the day. Assuming no
biogenic acetone emissions and taking typical acetone
concentrations observed in the tropics between 0.8 to 3 ppbv
[Kesselmeier et al., 2002b; Poeschl et al., 2001, this work],
these values would correspond to deposition velocities on
the order of 3–12 cm/s and would be as fast as those of
nitric acid. Even though the total canopy flux of acetalde-
hyde is comparable to acetone, the gradient measurements
(see next section) show quite different emission patterns
between these two carbonyl compounds.
[16] Table 1 summarizes the observations of VOC

fluxes obtained from the present study. Fluxes of oxy-
genated compounds are mainly temperature-driven and
follow an exponential dependence of the form of E0 

exp (b 
 (T � Ts)), where E0 is the flux at standard
conditions (e.g., g m�2 h�1), T is temperature (K), Ts is
the standard temperature (here 303 K), and b is a fitting
parameter (K�1). Isoprene and monoterpene emissions
show both light and temperature dependence (J. Herrick
et al., manuscript in preparation, 2004). Fitting of the

light-dependent parameters a and Cl using the current
data set was compared to the whole canopy parameters
inferred from the Sun and shade leaf model from
Guenther et al. [1995]. The parameters agreed within
±30% and are listed in Table 1. The temperature range
for conditions above 1000 PAR was too small (28–32�C)
in order to reliably fit the temperature-dependent param-
eters (Ct1, Ct2, Topt) for isoprene and monoterpene emis-
sions according to the G97 algorithm [Guenther, 1997].
However, we found that standard values for the individual
parameters Ct1, Ct2, and Topt [Guenther, 1997] could
reproduce isoprene and monoterpene fluxes observed at
this site. For all compounds a reasonable linear correla-
tion with sensible heat fluxes wT was found [cf. Rinne et
al., 2001; Westberg et al., 2001; Karl et al., 2002b].
These relationships could potentially be used instead of
traditional temperature and light parameterizations. Taking
upper and lower limits of the temperature- and light-
dependent parameterizations based on our measurements
together with environmental data from the year 1999
[Loescher et al., 2003], we estimate that potentially up
to 86 kg C/ha/yr, or 5.5% of NEE, can be lost in form of
methanol, acetaldehyde, acetone, isoprene, and monoter-
penes. This is somewhat lower than previous estimates
[Geron et al., 2002; Kuhn et al., 2002a; Kesselmeier et
al., 2002b] but 3 orders of magnitude higher than the
estimated carbon source of carbonaceous aerosols
[Loescher et al., 2004]. The last column in Table 1
depicts the extrapolated range of yearly emissions from
tropical forests assuming similar conditions and a total
area of 19.8 
 106 km2 [Guenther et al., 1995].
[17] The best estimate of the total extrapolated emission

of methanol, acetaldehyde, and acetone, respectively, are
6.7, 4.4, and 6.1 kg C/ha/yr, or 0.43%, 0.28%, and 0.39% of
net ecosystem exchange (NEE) for this tropical forest. The
production of methanol is linked to plant growth [Fall,
2003], and there have been attempts for upscaling methanol
emissions based on net primary production (NPP) [Galbally
and Kirstine, 2002]. Unfortunately estimates of NPP for
tropical forests have been based on incomplete and often
problematic field measurements [see Clark et al., 2001].
Curtis et al. [2002] recently investigated the carbon
exchange at five deciduous North American forests based
on a detailed biometric study. They estimated that on
average NPP was 2.9 ± 0.42 times higher than NEE. Malhi
et al. [1999] found a similar ratio (2.6) for a tropical rain
forest in the Amazon. In order to compare our results for
methanol with assumptions made for a global methanol

Table 1. Temperature- and Light-Dependent Emission Parameters as Well as the Linear Regression Parameters (FVOC = AwT 
 wT +

BwT) With Respect to Sensible Heat Fluxes, the Estimated Total Emission as a Fraction of the NEE of CO2-C Estimated for the La Selva

Forest in 1999 by Eddy Covariance [Loescher et al., 2003], and Extrapolated Yearly Emissions for Tropical Forests

b, K�1 E0, g m�2 h�1 AwT, g W�1 h�1 BwT, g m�2 h�1 Error R Percent NEE Source, Tg yr�1

MeOH 0.13 2.0E-04 9.94E-07 1.08E-04 ±20% 0.67 0.11–0.75 8–62
Acetaldehyde 0.19 1.4E-04 7.45E-07 7.62E-05 ±30% 0.66 0.11–0.44 6–24
Acetone 0.20 2.1E-04 1.14E-06 1.04E-04 ±30% 0.73 0.16–0.61 8–29

aa [PAR�1] Cl 
 E0
a

Isopreneb 0.00073 0.00172 7.98E-06 9.90E-05 ±10% 0.87 2.5–3.5 90–124
Monoterpenesc 0.00097 0.00013 7.32E-07 1.06E-04 ±20% 0.65 0.19–0.23 6–8
Total 3.1–5.5 120–250

aThe light and temperature dependence was modeled according to E(PAR, T) =
a�Cl�E0�PAR
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þa2�PAR2
p � CT2�eCT1 �x

CT2�CT1�eCT2 �x, with x = 1
Topt

� 1
T


 �

/0.00831.

bTemperature dependence from Geron et al. [2002] and J. Herrick et al. (manuscript in preparation, 2004).
cTemperature dependence taken from the whole canopy parameterization used by Guenther et al. [1995] and Guenther [1997].
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budget [Galbally and Kirstine, 2002] we take the above
ratio (NPP:NEE) of 2.6 ± 0.42. The emission factor related to
productivity for methanol would then roughly equal (0.17 ±
0.06)% of NPP. This is �50% higher than the generic value
of 0.11% applied in the global methanol assessment pre-
sented by Galbally and Kirstine [2002]. Our emission
factors for acetaldehyde and acetone, with a normalized
average emission at 30�C of 0.14 and 0.21 mg m�2 h�1,
respectively, are somewhat smaller than those previously
reported at La Selva [Geron et al., 2002] and at a deciduous
forest in northern Michigan [Karl et al., 2003].

4.3. Gradient Measurement

[18] The fine-scale source distribution of VOCs was
obtained by a canopy profiling system as described in the
experimental section. The profiles were run for 2 consecu-
tive days in the second and third week of measurements at
the tower. The obtained data set was averaged over 1 hour
and binned in 1 m vertical slices. In order to compare with
the eddy covariance measurements, the individual profiles

were averaged for the 4 days, which were all characterized
by similar weather conditions (no rain event in the late
afternoon nor during the night). The advantage of having a
moveable inlet is twofold: (1) memory effects or contami-
nation due to multiple lines can be excluded, and (2) the
data can be averaged/binned in an optimal way during
postprocessing. As outlined by Nemitz et al. [2000], the
number of input heights can be important for exchange
processes that occur in a shallow height range. The contin-
uous gradient measurement makes sure that these processes
are resolved and not lost due to a limited set of measure-
ments. As an example, the bottom panels in Figure 5
(Figure 6) show a composite of the vertical distributions
of isoprene (methanol) on the left and acetaldehyde (ace-
tone) on the right side. The measured leaf area index (LAI)
is plotted as a function of height on the very right bottom
panel and is characterized by a bimodal distribution, which
is frequently observed in the tropics [Golley and Hartshorn,
1984]. Isoprene (Figure 5) has its maximum concentration
(�3 ppbv) in the upper part of the canopy (�15–30 m)

Figure 5. (bottom left and center) Averaged contour plots of isoprene and acetaldehyde concentrations
as a function of local time (x axis) and height above ground ( y axis). (bottom right) Measured leaf area
index (LAI). (middle left and center) Calculated source/sink distribution of isoprene and acetaldehyde as
a function of local time (x axis) and height above ground ( y axis). (middle right) Averaged source/sink
distribution during the day. (top) Total fluxes integrated over individual source/sink layers; the color-
coding indicates the relative difference between subsequent source/sink layers, and the dark red color
represents the top layer. See color version of this figure at back of this issue.
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during midday, falling off toward the ground and above
30 m. This is consistent with the fact that light-dependent
isoprene emissions occur in the upper part of the canopy.
Isoprene emissions start to decrease in the early afternoon
(1400–1500 LT). The concentration increase around
1530 LT is most likely due to decreased turbulence and a
collapsing boundary layer, which also causes enhanced
acetaldehyde, acetone, and methanol concentrations. The
lower middle panel in Figure 5 illustrates that acetaldehyde
mixing ratios (�1–1.5 ppbv) accumulate in the lower part
of the canopy (�0–10 m) during daytime. This pattern
suggests that this compound has a substantial source in the
understory. While methanol concentrations (Figure 6, left
panel) are clearly enhanced (up to 4 ppbv) below 23 m (top
of canopy), the acetone canopy gradient (Figure 6, bottom
middle panel) is somewhat less pronounced with mixing
ratios up to 1.5 ppbv during daytime. In both cases we
observe a strong nighttime gradient discussed in the next
section.

4.4. Inverse Lagrangian Transport Model:
Source//Sink Distribution

[19] The source/sink distributions as a function of height
( y axis) and time of day (x axis) for isoprene, acetaldehyde,
methanol, and acetone are plotted in Figures 5 and 6 (middle

panels). The highest emissions of isoprene (Figure 5, left
middle panel) occur at noon in the uppermost part of the
canopy with a source strength up to 4 
 10�4 g m�2 h�1/m,
while it can be lost (deposited) below 10 m at a rate of
�0.5 
 10�4 g m�2 h�1/m. In general, our analysis does not
explicitly account for photochemical losses/production,
which is therefore convoluted with direct sources and sinks.
The average daytime source/sink distribution is plotted on
the right side binned according to 6 source/sink layers. The
layer up to 5 m consistently acts as a sink during daytime.
The source strength between 5 and 10 m is close to zero and
positive above 10 m. From this plot it can be calculated that
the loss region comprises about �10% of the total source
strength. A mean below-canopy daytime HO density of 5 

104 molecules/cm3 would be sufficiently high to cause the
observed isoprene loss in the lower part of the canopy.
Independently we can estimate the overall photochemical
loss from the ratio of MVK+MAC to isoprene considering
turbulent exchange times of �100 s during daytime (based
on the far field limit of Lagrangian dispersion). From this
analysis it can be estimated that less than 10% of isoprene is
oxidized within the canopy.
[20] Thus, even though reaction with HO radicals in the

lower part of the canopy can oxidize part of the emitted
isoprene, the bias for the overall isoprene flux measurement

Figure 6. Same as Figure 5 for methanol and acetone. See color version of this figure at back of this
issue.
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is relatively small. The contour plot on the right depicts
acetaldehyde, which shows a completely different emission/
deposition pattern. A source region between 5 and 15 m,
corresponding to the understory (lower peak of LAI), is
followed by a net sink layer in the lower part of the crown
region and a production layer in the uppermost part of the
canopy. Acetaldehyde emissions in the midcanopy (5–15 m)
contrast recent measurements by Cojocariu et al. [2004],
who observed steadily declining acetaldehyde emissions
from the top to the bottom of a spruce canopy. We attribute
the increased acetaldehyde emissions in the lower part of
this tropical forest to (1) a change in biomass density and
(2) the possibility of a different production mechanism
related to light flecks. In previous laboratory studies
[Holzinger et al., 2000; Karl et al., 2002b], acetaldehyde
spikes were consistently observed following light-dark
transitions. These acetaldehyde bursts were explained by
the accumulation of cytosolic pyruvate, triggering the
pyruvate decarboxylase reaction [Karl et al., 2002b] and
were not related to the oxidation of ethanol, which can also
trigger the formation of acetaldehyde in leaves [Kreuzwieser
et al., 2000]. We hypothesize that acetaldehyde emissions
from this ecosystem could be due to a combination of
conversion of cytosolic pyruvate and the oxidation of
ethanol. The panel on the very right averages the emis-
sion/deposition profile for acetaldehyde during daytime
hours. The source strength in the lower part accounts for
up to 27% of the total acetaldehyde emission. The forest
also recaptures part of the emission; the total canopy sink
comprises about 43% of the total source strength. The
highest emissions occur at the top of the canopy. The mean
acetaldehyde production rate obtained from the middle
panel in Figure 5 is 1.3 
 10�4 g m�2 h�1/m. Can this
rate be explained by the photooxidation of precursor com-
pounds (e.g., ethane, propane, propene)?
[21] Taking an upper limit of 2.5 
 106 molecules/cm3

[Jacob and Wofsy, 1988] for the average HO density
(between 0800 and 1400 LT) in the surface layer the
concentration of precursor compounds would need to be
as high as 425 ppbv for ethane, >43 ppbv for other
alkanes and >3.4 ppbv for propene in order to explain the
observed acetaldehyde production rate. These mixing
ratios would be at least 1 order of magnitude higher than
typical values observed in the tropics [e.g., Greenberg
and Zimmerman, 1984]. From the PTRMS data set we
estimate an upper limit of propene (m/z 43+) concen-
trations after correcting for the abundance of acetic acid
(�26%) and acetone (�5%) on m/z 43+. The residual
median concentration between 0700 and 1500 LT yielded
0.71 ± 0.22 ppbv. This most likely also includes other
compounds (e.g., propanol) as C3H7

+ is a common frag-
ment. We therefore conclude that acetaldehyde emissions
at the top are primarily of biogenic origin. Even though
the overall net flux of acetaldehyde and acetone during
daytime are very similar, the individual source/sink layers
obtained from the gradient measurements within the canopy
are quite different. Figure 6 depicts methanol and acetone,
which show a similar exchange pattern. The emission
occurs mainly during daytime in the upper part of the
canopy. After sunset, we observe a significant sink below
the crown region, just above the minimum LAI in the
middle of the canopy. The top panels in Figures 5 and 6

depict the integrated source/sink layers and correspond to
the net exchange at the canopy top. The calculated flux at
the top should therefore be comparable to the flux measured
by the eddy covariance method.

4.5. Comparison Between Disjunct Eddy Covariance
and Lagrangian Dispersion

[22] Figure 7b compares the isoprene flux obtained by the
ILT model (blue line) with the mean flux (black) measured
by disjunct eddy covariance. In general, we observe good
agreement between both methods during daytime. After
sunset, the ILT model seems to show higher deposition
fluxes than the eddy covariance measurements at the 42 m
level (pink line). For methanol (Figure 7a) as well as other
compounds such as acetone, acetaldehyde, and MVK+MAC
(not shown) we get a similar behavior: the net exchange
during daytime in general agrees between the eddy covari-
ance and the ILT model; during nighttime there is a system-
atic offset. By varying the reference height zref used for the
ILT model it appears that ambient concentrations at the 42 m
level are systematically enhanced after sunset. We attribute
this to the development of an inversion layer, which decou-
ples air masses above from below the crown region. Strong
nocturnal radiative cooling at canopy top effectively inhibits
most of the exchange between the canopy below the crown
and the atmosphere. This phenomenon is frequently
observed in tropical ecosystems [Fitzjarrald and Moore,
1990] and confirmed by a slightly negative sensible heat flux
(wT) shown in Figure 7c. In the late afternoon as the sensible
heat flux typically becomes negative over this primary rain
forest, a sharp stable potential temperature gradient isolates
the canopy from the atmosphere for long periods of time. By
readjusting the reference height below the crown region
(zref = 22 m; middle of the upper canopy) during night,
we get better agreement (blue line) between the net
exchange measured by the ILT model and eddy covariance
method. The pink line (Figure 7) shows the case for zref =
42 m. The eddy covariance flux measurements were
always performed at the 42 m level and therefore in
general do not adequately capture loss processes occurring
below inversion layer of the forest. In addition the depo-
sition flux was in general close or below the flux detection
limit of the eddy covariance method. Evidence for loss
processes below the crown region was independently
inferred from the storage term in the canopy, shown in
Figure 8. All compounds exhibit an exponential decay
throughout the night, that agrees within a factor of 2
compared to the deposition calculated by the ILT model
at zref = 22 m. In the past, nighttime growth of CO2 within
the canopy, for example, was a standard way to estimate
the respiration rate of the forest ecosystem [Woodwell and
Dykeman, 1966]. The substantial uptake of VOCs by the
forest during nighttime is at least part of the reason that
ambient concentrations in the surface layer just above the
canopy typically show a minimum in the early morning
during the breakdown of the inversion, while depleted in-
canopy air masses efficiently dilute the surface layer air
above. The observed diurnal cycle of VOC concentrations
above this tropical forest is therefore related to (1) venting
of VOC depleted canopy air and (2) growing of the
boundary layer. Figure 9 summarizes the mean daytime
(solid line) and nighttime (dashed line) emission and
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deposition measured for methanol, acetaldehyde, acetone,
isoprene, and MVK+MAC based on a reference height of
22 m between 1800 and 0600 LT. Individual loss/produc-
tion layers within the canopy are represented by a local
flux rate (vd), which was defined as the source strength (sa)
divided by the local concentration (ca) and has the same
dimensions as a deposition velocity. A positive local flux
rate indicates local production and a negative value local
destruction. Again, it is noted that potential photochemical
production or loss (e.g., for MVK+MAC) is included in
this term. From Figure 9 it appears that the overall
deposition of MVK+MAC was smaller during daytime
due to an effective production/source layer above z/h >
0.7, most likely due to the oxidation of isoprene. During
nighttime most of the loss of oxygenated compounds

occurs in the middle of the canopy (z/h = 0.5). Most of
the daytime emission occurs at the canopy top. Isoprene
shows a sink in the lower 20% (z/h < 0.2) of the canopy.
Cleveland and Yavitt [1997] estimated a potential sink for
isoprene expressed as a deposition velocity of 0.01 cm/s for
tropical soils. This is substantially lower than the average
total (dry deposition plus oxidation) daytime sink, equiv-
alent to a deposition rate of 0.16 cm/s, for z/h < 0.2
observed in the present study. As outlined earlier, oxida-
tion via HO radicals could explain this isoprene loss.
However, the overall magnitude of the sink below z/h =
0.2 is small (10%) compared to the isoprene emission
occurring at the top of the canopy.
[23] During nighttime, oxidation via O3 and NO3 can

play a role for isoprene and monoterpenes, but not for

Figure 7. (a) Comparison between the flux obtained by disjunct eddy covariance (black) and the ILT
model (blue) for methanol. The pink line illustrates the offset of the ILT model due to a reference height
(42 m) above the inversion layer during night; (b) same plot for isoprene; (c) average diurnal cycle of the
sensible heat flux during the whole study (dashed line marks zero). The gray area illustrates the range of
fluxes observed during the whole campaign. See color version of this figure at back of this issue.
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oxygenated VOCs such as methanol and acetone. Owing to
ongoing production attributed to a combination of wound-
ing (J. Sparks et al., manuscript in preparation, 2004) and
temperature-dependent emissions during night, we were not
able to determine deposition rates for monoterpenes. Most
oxygenated VOCs show common loss characteristics during
nighttime. The mean deposition velocities obtained for
formic and acetic acid (0.15 cm/s) are in the range (0.17–
0.23 cm/s) of values reported by Kuhn et al. [2002b] above
a tropical forest in Amazonia. Since stomata are closed
during night, it appears that our observed dry deposition
rates result in a low residual canopy resistance (Rc). Table 2
examines potential loss mechanisms and compares our
observations with traditional deposition routines including
the formation of dew. It is obvious for most cases that the
measured loss is significantly larger than predicted by
traditional deposition models [e.g., Wesely, 1989]. The
range and uncertainty of the measured deposition velocities
in column 5 reflect differences between the ILT model and
individual decay rates inferred from the storage term anal-
ysis. The effect of nighttime chemistry was assessed using a
zero-dimensional box model (NCAR Master Mechanism)
[Madronich and Calvert, 1989]. The model was initialized
as a nondiluting box constrained by the measured mean
diurnal cycles of VOC, ozone, and NOx concentrations and
simulated daytime j-values for clear skies. Though the
absolute NOx concentration was held fixed, the relative
concentrations of NO and NO2 were allowed to vary in the
model over the course of a day. The last day of a 5-day
simulation period was used to assess potential losses due to
chemical degradation. NO3 radicals were calculated to reach
concentrations up to 4 pptv with 1–2 ppbv of NOx

available. If these concentrations are sustained within the
canopy, NO3 chemistry could explain the loss of isoprene.

For other compounds, nighttime chemistry seems to play a
minor role.
[24] Up to 50% of the vegetation [Pierson et al., 1986] is

typically covered by dew in the morning. Can the formation
of dew in principle explain the observed deposition rates?
[25] To answer this question, we perform a simple ‘‘back

on the envelope’’ calculation: Assuming conditions close to
equilibrium and a dewdrop concentration ranging between
1.9 and 4.8 g/cm2 [Chameides, 1987] at the end of the night,
the total liquid volume present in the 23 m column is on the
order of 19–68 L (taking a LAI of 4.22–6 m2/m2 and
canopy height h of 23 m). For comparison, Sanhueza et al.
[1992] measured water deposition rates between 31 and
114 mL m�2 h�1. Assuming a 12-hour accumulation time, a
LAI of 6 m2/m2, and canopy height of 23 m, these
formation rates are comparable and can potentially add up
to 37–162 l for a tropical cloud forest. The maximum
decrease of the ambient concentration ca due to liquid
uptake can be estimated according to

ca ¼
kv �m0

Vl � kv � Vg

;

kv ¼
100

H � R � T

ð4Þ

with ca (ambient concentration), m0 (total mass of VOC in
the column), Vl (liquid volume), Vg (gas phase volume), kv
(dimensionless partition coefficient), and H (Henry’s law
constant in M/atm). For a liquid volume of 38 L and
Henry’s law constants H ranging between 15 (acetaldehyde)
and 220 (methanol) M/atm, the ambient concentration in the
canopy air can theoretically be reduced by 34–90%. Uptake
by dew for a 23 m canopy (h) and duration T was calculated

Figure 8. Average diurnal cycle of VOCs within the canopy obtained from the gradient measurements
on 4 days during the study. See color version of this figure at back of this issue.
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according to vd : = dC/C 
 23 [m]/T [h] for T = 8–12
hours, with dC being the concentration drop and C the mean
concentration. Within the uncertainty these deposition
velocities (except for acetic and formic acid) are signifi-
cantly larger (0.03–0.08 cm/s) than calculated according to
standard procedures outlined by Wesely [1989]. However,
for most compounds (methanol, acetone, acetonitrile,
acetaldehyde, and MVK+MAC) the calculated deposition
caused by dew can still at most only explain 35% of the
observed deposition at La Selva. A more sophisticated
formalism for the uptake of organics due to the formation of
dew [Chameides, 1987] shows that for moderately soluble
compounds (H = 15–220 M/atm), lifetimes t between 10
and 300 s are required in the liquid phase. Jayne et al.
[1992] measured uptake rates of formaldehyde and
acetaldehyde. They found that despite its low hydration
constant acetaldehyde is taken up by cloud droplets more
efficiently than expected. According to their results we
calculate deposition velocities for acetaldehyde of 0.03–
0.20 cm/s at a pH between 5 and 3 due to hydrolysis.
Sanhueza et al. [1992] measured a typical pH of 5.5 ± 0.5
above a tropical cloud forest during the wet season, which
corresponds to a vdep of 0.03. This value is lower than our
observations but higher than the range predicted in atmo-
spheric models. For example, high uptake rates of
acetaldehyde have tentatively been confirmed by a model-
ing study of Los Angeles cloud chemistry data [Seigneur
and Wegrecki, 1989]. The model underpredicted aqueous
concentrations in cloud water by a factor of 40. Overall we
conclude that the low canopy resistance (Rc) observed

during this study can only partly be explained by the
formation of dew, unless its formation happens under very
acidic conditions (pH < 3). In this case, various organics
could react more rapidly [Noziere and Riemer, 2003; Voisin
et al., 2004], resulting in a significant increase of their
solubilities and effective Henry’s law constants. On the
other hand, the uptake of acetone by acidic solutions was
reported to be minor [Duncan et al., 1999].
[26] Assuming that 35% of the observed deposition is due

to the formation of dew, the dissolved organics should
potentially evaporate in the morning. The fact that we do
not observe a significant emission pulse after sunrise
suggests that evaporation is either minor or happens grad-
ually. We hypothesize that part of the dissolved organics can
probably also be taken up and metabolized by the vegeta-
tion itself or microbes on various surfaces and part might be
lost in the soil as dewdrops fall to the ground. In any case
the overall low canopy resistance (Rc) argues for a signif-
icant sink manifested by our nighttime observations. The
potential sink of VOCs is scaled up for tropical ecosystems
(17 
 106 km2) taking mean daytime (column 2) and
nighttime (column 3) concentrations and is listed in column
10 of Table 2.
[27] Acetic and formic acid, as well as MVK+MAC, were

mainly deposited. Our deposition measurements for acetic
and formic acid lie within the previously reported range
above tropical forests [Sanhueza et al., 1992; Kuhn et al.,
2002b]. On average the combined daytime deposition flux
(velocity) of MVK+MAC is substantially lower during this
study (average vd �0.1 cm/s, see Figure 9) than fluxes

Figure 9. Source/sink layers, expressed as a flux rate (vd: = Sa/ca), for methanol, acetaldehyde, acetone,
isoprene, and MVK+MAC obtained from the dispersion calculation are plotted versus normalized height
(z/h) and averaged over day (solid line) and night (dashed line). The top panels depict mean values for
day and night. See color version of this figure at back of this issue.
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reported during LBA-EUSTACH. Andreae and Merlet
[2001], for example, published a deposition flux of
MAC+MVK of 118 ng m�2 s�1. Taking typical ambient
daytime concentration measurements of MAC+MVK on the
order of 1–2 ppbv during LBA-EUSTACH [Andreae et al.,
2002; Kesselmeier et al., 2002a], the deposition velocity
observed in the Amazon would be as high as 2 to 4 cm/s,
close to the aerodynamic limit.
[28] On the other hand, we observed substantial losses of

most VOCs inferred from the mass balance equation as well
as the inverse Lagrangian transport model during nighttime.
The deposition of oxidation products from isoprene photo-
chemistry has recently been identified as a significant
uncertainty in a global modeling study by von Kuhlmann
et al. [2003]. von Kuhlmann et al., however, mainly paid
attention to the deposition of very soluble intermediates such
as hydroxyhydro-peroxides. In the present study we also
observe effective deposition of moderately soluble com-
pounds, such as MVK+MAC. In order to reduce resulting
discrepancies, other box and global chemistry models empir-
ically assign deposition velocities up to 2.5 cm/s for isoprene
[Jacob and Wofsy, 1988; Wang et al., 1998]. Hurst et al.
[2001] observed significant decay rates of isoprene after
sunset and argued that deposition velocities of 1.5–2.0 cm/s
for isoprene would be rather unrealistic. The authors hypo-
thesized that mixing effects above heterogeneous terrain or
nighttime HO could possibly explain these observations but
could not constrain their assumptions accurately enough.
Here we observe a comparable net loss of isoprene (t �
2.5 h) which can be expressed as an apparent deposition
velocity of 0.35 cm/s. Using the NCAR Master Mechanism
constrained bymeasured VOC, ozone, andNOx, we calculate
potential NO3 concentrations up to 4 pptv, which would be
sufficiently high to explain most of the observed loss of
isoprene during nighttime. The high deposition of oxygen-
ated compounds (except organic acids) could not be
explained by chemistry and only partly (up to 35%) by the
formation of dew. Other possibilities such as the partitioning

onto aerosols are largely unexplored; however, recent find-
ings suggest that even compounds that were historically not
thought to partition into the aerosol phase (e.g., isoprene)
could be involved in heterogeneous reactions on acidic
particles. Humic-like substances that account for a major
identified fraction of organic aerosols are likely related to
primary biogenic emissions and possibly various oxygenated
VOCs [Limbeck et al., 2003; Jang and Kamens, 2001;
Matsunaga et al., 2003].
[29] If our results can be generalized, the overall dry

deposition to tropical forests (mean value from Table 2) is
estimated to be 2.4, 1.1, 0.4, 0.54, and 2.0 Tg/yr for
methanol, acetone, acetonitrile, acetaldehyde, and
MVK+MAC, respectively. This amounts to 0.5–2.4%
[Heikes et al., 2002], 1.2%, 0.3% [Singh et al., 2003], and
36% of the total global source strengths of methanol,
acetone, acetaldehyde, and acetonitrile, respectively. For
tropical ecoregions the measured deposition would be 6%,
5.5%, 3.4%, and 5% of the total net emission/production of
methanol, acetone, acetaldehyde, and MVK+MAC, but
could potentially add up to 25%, 13%, 8%, and 10%,
respectively. The measured dry deposition to land for
methanol is higher than that used for estimating the global
budget [Heikes et al., 2002], which was based on formic
acid. Our finding suggests that the high deposition observed
for compounds such as methanol is not necessarily only
related to their solubility. The global source strength of
acetonitrile has recently been extrapolated from biomass
burning studies [Holzinger et al., 1999], ambient observa-
tions of acetonitrile concentrations in the stratosphere
[Schneider et al., 1997], over the Pacific Ocean [Singh et
al., 2003], and a literature assessment [Andreae and Merlet,
2001; Bange and Williams, 2000]. These budget estimates
range between 0.6 and 2.3 Tg yr�1. From our results the
estimated dry deposition to tropical rain forests alone would
add up to 0.2 Tg yr�1, which is �20% of the estimated
global dry deposition to oceans [Singh et al., 2003]. Taking
recent observations above the tropical savanna [Sanhueza et

Table 2. Measured Ambient Concentrations Ca During Day and Night, Henry’s Law Constant (H), Measured Deposition Velocity (vd),

Canopy Resistance (Rc), Range of the Estimated Total Sink Due to Dry Deposition for Tropical Ecosystems Taking Mean Night and

Daytime Concentrations (R1), Predicted Deposition Including Dew Formation According to Wesely [1989] (R2), Potential Deposition

Velocity Based on Equation (3) and a Liquid Volume (Vl) Between 22 and 114 l, Loss Due to Chemical Losses (R3) Expressed as a

Deposition Velocity (h/t), and Estimated Sink (S)

Compound

Ca,
ppbv

0600–1800

Ca,
ppbv

1800–0600
H,

M atm�1

Vd,measured,
cm s�1

1800–0600
Rc,
s m�1

Vd
(R1),a

cm s�1
Vd
(R2),b

cm s�1
Vd
(R3),c

cm s�1
S,

Tg yr�1

1/(Ra + Rb) 0.70 ± 0.15
Acetic acidd 1.01 0.80 4000 0.15 ± 0.01 547 0.13 0.06–0.08 �e 1.0–2.4

Formic acidd 1.30 0.51 9000 0.15 ± 0.09 512 0.13 0.06–0.08 � 1.8–2.4

Methanolf 2.78 1.53 220 0.27 ± 0.14 231 0.02 0.05–0.08 3.3E-04 1.8–3.1
Acetonef 1.14 0.73 30 0.14 ± 0.01 582 0.02 0.04–0.06 8.0E-05 0.8–1.2
Acetonitrileg 0.27 0.10 49 0.19 ± 0.01 387 0.02 0.05–0.07 � 0.2–0.5

Acetaldehydef 0.44 0.26 15 0.26 ± 0.03 242 0.02 0.03–0.05 5.3E-03 0.4–0.7
Isoprenef 1.66 0.31 0.028 0.25 ± 0.05 250 0.02 � 0.26 0.7–3.8

MVK+MACh 0.88 0.12 41 0.45 ± 0.15 82 0.02 0.04–0.07 0.02 0.6–4.6
a(R1)Wesely [1989].
b(R2)Equation (4).
c(R3)Due to [O3 + HO + NO3] chemistry.
dDeposition scaled up for a full day using the listed deposition velocity.
eNot important.
fAssumed that dry deposition mainly occurs at nighttime due to daytime emissions and a potential compensation point.
gHere 0.16 cm/s used for daytime deposition of acetonitrile inferred from our measurements.
hHere 0.10 cm/s used for daytime deposition of MVK+MAC inferred from our measurements.
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al., 2003], it appears that high dry deposition to land is not
only limited to dense vegetation. Assuming that dry depo-
sition occurs at similar rates during dry and wet seasons
with average deposition velocities of 0.14 cm/s for tropical
grasslands/savannas [Sanhueza et al., 2003] and 0.19 cm/s
for tropical forests (this work) (total area: 32 
 106 km2),
the total sink would add up to 0.2–0.7 Tg yr�1, comparable
to the estimated uptake by oceans (1.2 Tg yr�1 [Singh et al.,
2003]). This in turn implies that the source strength of
acetonitrile is most likely higher than the current best
estimate of �1.5 Tg yr�1.

5. Conclusion

[30] On-line monitoring of a variety of biogenically and
photochemically produced VOCs using a proton-transfer-
reaction mass spectrometer provided new insights in the
exchange processes above a tropical primary rain forest.
Fluxes inferred from a continuous in-canopy profiling
system in general agreed well with eddy covariance
measurements performed at 10 m above the canopy. We
used Lagrangian dispersion theory to infer the source/sink
distributions of VOCs in the canopy. Isoprene emissions
could be described by conventional parameterizations
[e.g., Guenther, 1997]. In contrast with previous leaf-
level measurements made at La Selva [Geron et al.,
2002], our observations revealed light-dependent mono-
terpene emissions. This implies that light-dependent
monoterpene emissions, which have also been observed
on the leaf and branch level in temperate and tropical
forests [e.g., Staudt and Seufert, 1995; Ciccioli et al.,
1997; Kuhn et al., 2002a] as well as on the canopy scale
[Rinne et al., 2002], are frequently found in tropical
ecosystems. It also illustrates the complexity of VOC
emissions from tropical ecosystems where previous
screening of various tropical species did not reveal
substantial monoterpene emissions [Geron et al., 2002].
Considering the large species diversity in tropical forests,
this is not entirely surprising. Whole-canopy studies can
integrate over the entire ecosystem and can therefore
reliably be used for upscaling net emissions in a repre-
sentative manner.
[31] Methanol, acetone, and acetaldehyde were mainly

emitted during daytime. Their fluxes followed a tempera-
ture-dependent pattern similar to that observed above other
ecosystems [Schade and Goldstein, 2001; Baker et al.,
2001]. Using environmental data from the year 1999, we
estimate that up to 5.5% of the eddy-covariance estimate
for NEE [Loescher et al., 2003] can be emitted in the form
of methanol, acetaldehyde, acetone, isoprene, and mono-
terpenes. From these data we infer a significant source
strength for tropical ecosystems on the order of 36, 16, 19,
106, and 7 Tg/yr for methanol, acetaldehyde, acetone,
isoprene, and monoterpenes. The total emission estimate
for these compounds ranges between 120 and 250 Tg/yr.
The total estimate for isoprene emissions is a factor of 3–
4 lower than that inferred by Guenther et al. [1995]. This
is not entirely surprising since we expect significant spatial
variability and seasonally driven changes in ecosystem
function. Previous dry season studies in the Congo
and Amazon tropical forests have reported isoprene fluxes
that are of a similar magnitude [e.g., Rinne et al., 2002;

Serca et al., 2001] or higher [e.g., Helmig et al., 1998;
Zimmerman et al., 1988; Rasmussen and Khalil, 1988].
Comparing these canopy scale observations, it appears
that there is a seasonal emission variability of a factor of
2–3 and a spatial emission variability of a factor of 3–4.
In order to obtain better accuracy for bottom-up
approaches the spatial and temporal variation of isoprene
emissions in tropical regions needs to be investigated
based on long-term flux measurements such as those
performed at sites in the United States [Schade and
Goldstein, 2002; Westberg et al., 2001] as well as
airborne flux measurements.
[32] Our observations raise the possibility that dry

deposition of VOCs above dense vegetation might cur-
rently be substantially underestimated. Tropical ecosys-
tems therefore do not only play an important role as
source regions for many VOCs but can have the capa-
bility to filter and effectively recapture part of the emitted
and photochemically produced compounds. Recycling of
VOCs might therefore dampen the impact of surface
emissions on boundary layer chemistry. In this connec-
tion, tropical ecosystems contrast arctic regions, which
are characterized by a very active atmospheric chemistry
above snowpacks due to the effective revolatilization of
ozone/HOx/NOx precursors [Shepson et al., 2003]. How-
ever, at this point too little is known in order to relate
our observations to ecosystem function and various other
variables controlling VOC exchange patterns in and
above other forested areas.
[33] We conclude that flux measurements in the surface

layer are crucial for understanding the cycling and fate of
reactive carbon. On-line monitoring by proton-transfer-
reaction mass spectrometry proves to be a valuable tool
for biogeochemical flux measurements of reactive carbon.
In order to improve our understanding of exchange
processes at the surface, future experiments will need to
aim at seasonal and airborne flux studies. These experi-
ments will represent an important link between bottom-up
and top-down approaches. Improved surface emission
models of VOCs will subsequently lead to a better
predictive capability of atmospheric chemistry models.

Appendix A

A1. Numerical Calculation of the Dispersion Matrix
According to Raupach [1986a, 1986b] and Nemitz et al.
[2000]

[34] Equation (3) can be rewritten in nonvector form:

ci � cref ¼
X

m

j¼1

di;j � Sj: ðA1Þ

In order to account for a limited number of source and
concentrations layers we follow the strategy outlined by
Nemitz et al. [2000], who subdivide each concentration (zc)
and source (zs) layer into r sublayers. The ILT approach
proposed by Raupach [1986a, 1986b] divides the overall
transport in two terms, a ‘‘near field’’ and ‘‘far field’’ term.
The matrix elements of the near field term aij (accounting
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for near field effects as described by Raupach [1986a,
1986b]) are given by

aij ¼
dz sj

r
�
X

r

l¼1

kn xð Þ þ kn yð Þ
sw z sjl


 � ;

kn uð Þ ¼ � 1
ffiffiffiffiffiffi

2p
p � ln 1� e�uð Þ þ 0:5� p2

6
ffiffiffiffiffiffi

2p
p � e�u

x :¼
zci � z sjl

sw z sjl


 �

� TL z sjl


 � ;

y :¼
zci þ z sjl

sw z sjl


 �

� TL z sjl


 � :

ðA2Þ

The ‘‘near-field kernel’’ function kn(u) is a numerical
approximation derived by Raupach [1986a, 1986b], dzj

s is
the distance between the individual source layers, sw(z) is
the standard deviation of the vertical wind velocity at height
z according to 1a, TL(z) is the Lagrangian timescale at
height z according to 1b, zi

c is the concentration height at
index i, and zi

s is the source height at index j. The index l
runs from 1 to r, representing r sublayers for the source
terms.
[35] The matrix elements of the far field (diffusive) term

bij are similarly subdivided and given by

bij ¼
zref � zi

si

X

si

k¼1

bijk ;

si ¼ r � nþ 1� ið Þ;with i ¼ 1� n; j ¼ 1� m

bijk ¼

0; zcik � z sj�1

zcik � z sj�1


 �

= s2w zcik

 �

� TL zcik

 �
 �

; z sj�1 � zcik � z sj

dz sj =s
2
w zcik

 �

� TL zcik

 �

zcik > z sj

;

8

>

>

>

>

<

>

>

>

>

:

ðA3Þ

where zref is the reference height of the concentration
measurement (uppermost sampling height above or just at
the height of the canopy h) and zi is the height at index i
of the concentration vector. The individual terms aij and
bij are subsequently combined to give the total dispersion
matrix

dij

 �

: dij ¼ aij � anþ1;j þ bij: ðA4Þ

A2. Numerical Calculation of the Dispersion Matrix
According to Warland and Thurtell [2000]

[36] Warland and Thurtell [2000] have recently presented
a continuous solution of the Lagrangian dispersion problem
[Taylor, 1921] and define a dispersion matrix dij such that,

dc

dz

�

�

�

�

i

¼
X

m

j¼1

dijSj; ðA5Þ

where Sj is the source strength at index (height) j and dc/dzji
is the local concentration gradient at index i. The dispersion
matrix dij is given by

dij ¼
� 1� exp

� zi � zj

 �2

2Dz2j

 !" #

2s2w zið Þ � TL zið Þ � 1� exp �
ffiffiffi

p

2

r

zi � zj

 �

sw zið Þ � Tl zið Þ þ sw zj

 �

� Tl zj

 �� �

=2

 !" #

8

>

>

>

>

<

>

>

>

>

:

�
1� exp

� zi þ zj

 �2

2Dz2j

 !" #

2s2w zið Þ � TL zið Þ � 1� exp �
ffiffiffi

p

2

r

zi þ zj

 �

sw zið Þ � Tl zið Þ þ sw zj

 �

� Tl zj

 �� �

=2

 !" #

9

>
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=
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; for zi > zj ;

dij ¼
� 1� exp

� zi þ zj

 �2

2Dz2j

 !" #
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 �
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; for zi ¼ zj and

dij ¼
1� exp

� zi � zj

 �2

2Dz2j

 !" #
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; for zi < zj :

ðA6Þ

A3. Random Walk Model Adopted From CANVEG

[37] The CANVEG random walk model calculates parti-
cle trajectories as described by Raupach [1986b], where the
particle position (X(t), Z(t)) and streamwise velocity com-
ponents (U(t), W(t)) evolve according to

d
W

sw Z; tð Þ

� �

dZ

U

dX

0

B

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

C

A

¼

Wdt

sw Z; tð Þ � TL Z; tð Þ þ dW Z; tð Þ

Wdt

u Zð Þ

Udt

0

B

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

C

A

; ðA7Þ

with dW(Z, t) being a random force acting on the moving
particle. Based on equation (A7) the random walk module
of CANVEG (http://nature.berkeley.edu/biometlab/) can be
used to calculate a dispersion matrix dij.
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Figure 1. Comparison of the calculated concentrations between the LNF [Raupach, 1986a], the CNF
[Warland and Thurtell, 2000], and the random walk [Baldocchi et al., 1987] models, based on a given
source profile following the LAI profile shown on the right side and expressed as a relative deviation
from the mean.
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Figure 5. (bottom left and center) Averaged contour plots of isoprene and acetaldehyde concentrations
as a function of local time (x axis) and height above ground ( y axis). (bottom right) Measured leaf area
index (LAI). (middle left and center) Calculated source/sink distribution of isoprene and acetaldehyde as
a function of local time (x axis) and height above ground ( y axis). (middle right) Averaged source/sink
distribution during the day. (top) Total fluxes integrated over individual source/sink layers; the color-
coding indicates the relative difference between subsequent source/sink layers, and the dark red color
represents the top layer.
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Figure 6. Same as Figure 5 for methanol and acetone.
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Figure 7. (a) Comparison between the flux obtained by disjunct eddy covariance (black) and the ILT
model (blue) for methanol. The pink line illustrates the offset of the ILT model due to a reference height
(42 m) above the inversion layer during night; (b) same plot for isoprene; (c) average diurnal cycle of the
sensible heat flux during the whole study (dashed line marks zero). The gray area illustrates the range of
fluxes observed during the whole campaign.
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Figure 8. Average diurnal cycle of VOCs within the canopy obtained from the gradient measurements
on 4 days during the study.

Figure 9. Source/sink layers, expressed as a flux rate (vd: = Sa/ca), for methanol, acetaldehyde, acetone,
isoprene, and MVK+MAC obtained from the dispersion calculation are plotted versus normalized height
(z/h) and averaged over day (solid line) and night (dashed line). The top panels depict mean values for
day and night.
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