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Abstract

We present an evaluation of sources, sinks and turbulent transport of nitrogen ox-
ides, ozone and volatile organic compounds (VOC) in the boundary layer over French
Guyana and Suriname during the October 2005 GABRIEL campaign by simulating
observations with a single-column chemistry and climate model (SCM) along a zonal
transect. Simulated concentrations of O; and NO as well as NO, photolysis rates
over the forest agree well with observations when a small soil-biogenic NO emission
flux was applied. This suggests that the photochemical conditions observed during
GABRIEL reflect a pristine tropical low-NO, regime. The SCM uses a compensation
point approach to simulate nocturnal deposition and daytime emissions of acetone and
methanol and produces daytime boundary layer mixing ratios in reasonable agreement
with observations. The area average isoprene emission flux, inferred from the observed
isoprene mixing ratios and boundary layer height, is about half the flux simulated with
commonly applied emission algorithms. The SCM nevertheless simulates too high
isoprene mixing ratios, whereas hydroxyl concentrations are strongly underestimated
compared to observations, which can at least partly explain the discrepancy. Further-
more, the model substantially overestimates the isoprene oxidation products methlyl
vinyl ketone (MVK) and methacrolein (MACR) partly due to a simulated nocturnal in-
crease due to isoprene oxidation. This increase is most prominent in the residual layer
whereas in the nocturnal inversion layer we simulate a decrease in MVK and MACR
mixing ratios, assuming efficient removal of MVK and MACR. Entrainment of residual
layer air masses, which are enhanced in MVK and MACR and other isoprene oxida-
tion products, into the growing boundary layer poses an additional sink for OH which is
thus not available for isoprene oxidation. Based on these findings, we suggest pursu-
ing measurements of the tropical residual layer chemistry with a focus on the nocturnal
depletion of isoprene and its oxidation products.
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1 Introduction

In October 2005 an intensive field campaign including ground-based and airborne mea-
surements has been conducted over the Atlantic Ocean and French Guyana and Suri-
name to study the atmospheric oxidizing capacity and role of atmosphere-biosphere
exchanges in this region (Lelieveld et al., 2008). To interpret these observations it is
essential to assess the role of key precursors and controlling oxidation processes. This
includes primary OH production, photolysis rates, water vapor and ozone, as well as
the processes involved in the regeneration of OH and the influence of volatile organic
compounds (VOCs), including methanol (CH;OH) and acetone (CH;COCHj5). In ad-
dition, a main sink of OH over the tropical forest is associated with the large biogenic
emissions of VOCs, mostly in the form of isoprene (CsHg), and this must be properly
quantified. The lack of OH and HO, concentration measurements over tropical forests
has until now posed a limitation in the interpretation of the various atmospheric chem-
istry measurements. For example, evaluation of the exchanges of VOCs over the trop-
ical forest close to Manaus, Brazil, measured during the LBA-CLAIRE2001 (Kuhn et
al., 2007) and TROFFEE campaigns (Karl et al., 2007), relied on indirect estimates of
OH concentrations, whereas during GABRIEL the OH and HO, radical concentrations
were measured directly (Lelieveld et al., 2008).

In the LBA (Large Scale Biosphere-Atmosphere Experiment in Amazonia) cam-
paigns an important focus has been the measurement of atmosphere-biosphere ex-
changes of reactive trace gases and aerosols, deploying when possible flux measure-
ment systems. Examples include the two LBA-EUSTACH intensive field campaigns
(Andreae et al., 2002) at a primary rainforest and a pasture site in the state of Rondonia
in southwestern Brazil conducting eddy correlation, gradient and enclosure measure-
ments to study the exchanges of VOCs, nitrogen oxides (NO,=NO+NO,) and ozone.
Such direct flux measurements are not available for the GABRIEL campaign; however,
through the combined use of observations and models of surface and boundary layer
exchanges, empirical estimates can be made and key processes studied. In this study
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we apply the Single Column chemistry and climate Model ECHAM4 (SCM) (Ganzeveld
et al., 2002a, 2004 and 2006b). The representation of the tropical forest exchanges of
reactive trace gases in this model has been extensively evaluated by comparison with
observations (Ganzeveld et al., 2002a; Kuhn et al., 2007). Here we apply the SCM
to conduct an analysis of boundary layer VOCs, NO, and ozone exchanges over the
Guyana tropical forests with a particular emphasis on the role of daytime and noctur-
nal turbulent transport. This focus is based on the hypothesis that interpretation of
the late morning and afternoon observations of compounds with lifetimes of hours and
longer, e.g., the oxygenated VOCs methanol and acetone, the isoprene oxidation prod-
ucts methyl vinyl ketone (MVK), methacrolein (MACR), formaldehyde (HCHO), NO,
and Og, requires a critical assessment of the nocturnal and early morning turbulent
transport regime in the stable boundary layer and overlaying residual layer.

This study with a focus on VOC, NO, and O3 complements an analysis by Stickler et
al. (2007) who compared results of chemical box simulations with the GABRIEL obser-
vations focusing on carbon monoxide (CO), HCHO and hydrogen peroxide (H,O,). In
their analysis, which does not explicitly treat the role of turbulent mixing in the bound-
ary layer (but includes the contribution by entrainment of free troposphere air masses),
the role of HCHO, H,O, and organic peroxides dry deposition has been addressed
using dry deposition calculations of the SCM. Here we discuss in greater detail the dry
deposition process as well as other relevant surface and boundary layer processes in-
cluding the role of soil moisture. This parameter is not only a key controlling factor in the
boundary layer development and, consequently, tracer transport but it is also relevant,
through its role in dry deposition and biogenic emissions, for atmospheric chemistry as
encountered during GABRIEL.

One particular aim of the presented analysis is to use the observations to improve
particular features of the representation of surface and boundary layer reactive trace
gas exchanges in atmospheric chemistry models. On the other hand, the model analy-
sis provides complementary information required for the interpretation of the observa-
tions through state-of-the-art simulations of processes and parameters which have not
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be measured.

Details about the SCM simulations relevant to the analysis are presented in Sect. 2,
followed by an evaluation of the meteorological drivers of surface and boundary layer
reactive trace gas exchanges in Sect. 3. The exchanges of methanol and acetone,
NO,, ozone, isoprene and the oxidation products as well as an evaluation of the radical
chemistry simulations, including the potential role of reactive terpenes, are discussed
in Sect. 4. This is followed by a discussion in Sect. 5 that in particular addresses the
role of the nocturnal-, early morning transition- and daytime exchanges regimes, and
Sect. 6 presents the conclusions.

2 Single-column chemistry and climate model

Our evaluation of the sources and sinks of reactive trace gases in the Guyana boundary
layer is based on simulations conducted with the single-column version of the chemistry
and climate model ECHAM4 (Ganzeveld et al., 2002a, 2006b). In the default set-
up the SCM has 19 vertical layers (referred to as L19 version) up to 10hPa with a
Surface Layer (SL) depth of about 65m and increasing depth of the layers aloft with
generally 5 layers representing the daytime convective boundary layer (BL) up to about
1500 m altitude. Prognostic variables are temperature, surface pressure, humidity and
cloud water and the SCM contains parameterizations of radiation, cloud formation and
precipitation, convection and vertical diffusion. Land surface processes are described
by a 5-layer heat conductivity soil model and by a hydrological model. Over land, each
grid square is subdivided into 4 fractions to distinguish between snow coverage, bare
soil, water in the skin reservoir and dry vegetation. The evapotranspiration for the latter
fraction is calculated from the stomatal resistance (Sellers et al., 1986) as a function of
surface radiation, soil moisture and Leaf Area Index (LAI).

One feature of the SCM is that it allows for an analysis of the response of the me-
teorology and atmospheric chemistry to changes in surface cover by advecting the
column along a prescribed transect (Ganzeveld and Lelieveld, 2004). This approach
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is only valid if wind shear is minor, as indicated by small changes in wind speed and
direction with altitude. The observations indeed indicate little wind shear within the
planetary boundary layer (PBL) and lower free troposphere up to about 2 km altitude,
which is the main domain of interest in this study. We study the atmospheric column
processes during the ocean-land transition moving westward from the Atlantic Ocean,
northeast of South America, over the tropical forests of French Guyana and Suriname
following the easterly October trade winds. We show the results of a simulation, mov-
ing the column at 4.5°N from its initial location at 45°W to 60.0° W, from 1 October,
21:00 LT (00:00 UT) and the subsequent 3 days using a time step of 60s.

Figure 1 shows the selected transect and the GABRIEL campaign flight tracks. In
the simulation the air column moves with a mean speed of about 6.5 ms™ reflecting a
marine atmospheric chemistry regime over the Atlantic Ocean for the first day (2 Oc-
tober), reaching the coast of French Guyana around 05:00 LT during the second day
(3 October) with the air mass composition then changing in response to the transport
over the coastal region and the tropical forest inland. The simulation continues for one
more day (4 October) to also include a continental day-night-day transition to study the
significance of the nocturnal tropical forest exchange regime for daytime atmospheric
chemistry and exchanges. Note that the results for 4 October reflect simulations of the
continental boundary layer development west of ~57° W whereas the observations are
mostly confined to the domain east of this longitude (Fig. 1). Therefore, the comparison
of model simulations with observations focuses on the results for 3 October. The col-
umn has been initialized with temperature, moisture and wind speed profiles simulated
with the global ECHAM4 version, and tracer mixing ratios are initialized with vertical
profiles from the chemistry and tracer transport model TM3 (Houweling et al., 1998)
with some modifications to simulate vertical profiles over the ocean in close agreement
with the observations.

To ensure that the representation of meteorology is comparable to the actual con-
ditions during GABRIEL, we have applied the ECMWF analyzed meteorology for 1
October, 2005, of the ECMWF model grid cell 4.5° N and 45° W, and nudge the sim-
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ulated meteorology over the ocean for the first 24 h of the simulation (Ganzeveld et
al., 2006a). Surface properties such as the vegetation fraction and soil moisture are
prescribed to the column along the transect based on a global ECHAM4 model simu-
lation. These surface properties are complemented with vegetation cover parameters
including LAI and surface roughness, being inferred from the Olson (1992) ecosystem
database and normalized differential vegetation index (NDVI) observations (Ganzeveld
et al., 2002b). In contrast to a previous analysis of the impact of tropical deforesta-
tion on the atmospheric chemistry applying the “big-leaf” approach (Ganzeveld and
Lelieveld, 2004), we apply for this evaluation the detailed multi-layer model for reac-
tive trace gas exchanges. This warrants the explicit simulation of the diurnal cycle in
atmosphere-biosphere exchange fluxes, leading to a peak in the biogenic NO, flux in
the early morning associated with the nocturnal accumulation of NO, inside the canopy
due to the continuous soil NO emissions.

The within-canopy and atmospheric gas-phase chemistry is based on an implemen-
tation of the carbon bond mechanism version 4 (CBM4) according to Roelofs and
Lelieveld (2000). The scheme considers the standard background methane oxidation
reactions, as well as non-methane hydrocarbons including isoprene (C5Hg), a selection
of hydrocarbon oxidation products such as aldehydes and ketones. It has been modi-
fied to include the first-order contribution of the oxidation of terpenes, including ozonol-
ysis, and oxidation products relevant to peroxide chemistry and exchanges (Ganzeveld
et al., 2006b). The results reflect, unless indicated differently, simulations with the SCM
using the L19 model resolution also motivated by the fact that this resolution resem-
bles that of the troposphere in the global chemistry-climate model ECHAMS/MESSy
used to study in detail the contribution of long-range transport and isoprene oxidation
chemistry (Butler et al., 2008). To additionally address the sensitivity of the simulated
trace gas mixing ratios to the model representation of turbulent transport we also in-
clude model simulations using the ECMWF 60-layer model resolution (L60), with an SL
depth of 10m and a lower 1500m domain representation by 13 instead of 5 layers.
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3 Evaluation of simulated Boundary Layer meteorology

Evaluation of various chemically reactive species with different sources and sinks and
chemical lifetimes facilitates the testing of our understanding of processes involved in
tropical boundary layer reactive trace gas exchanges. A prerequisite for a fair evalua-
tion of the sources and sinks of reactive trace gases in the PBL is the representation
of micrometeorology, boundary layer evolution and turbulent transport. The SCM and
the global climate model ECHAM4 (and ECHAM5/MESSYy) often simulate a too shal-
low boundary layer over tropical forests, especially during the wet season. One of the
main reasons for the underestimation of the BL height is a misrepresentation of the
surface energy balance for tropical forests (Ganzeveld et al., 2002a) with too much
energy being used for evapotranspiration resulting in a significant underestimation of
the surface sensible heat flux. Possible explanations for a too large simulated tropical
forest evapotranspiration include the model representation of stomatal exchange and
convective rainfall interception (Dolman and Gregory, 1992) although it is beyond the
scope of this study to address these aspects in detail.

For the analysis presented here, focusing on atmospheric chemistry, we have en-
sured a realistic representation of the surface energy balance and BL depth by pre-
scribing soil moisture such that the soil moisture stress function (F, ;) has a value of
0.5. In the SCM (and also ECHAMA4/5) this parameter describes the dependence of
stomatal exchange (Sellers, 1986, 1989) on soil moisture and this imposed constraint
results in a simulated stomatal resistance twice as large the resistance for soil moisture
at the field capacity. Unfortunately the actual soil moisture status and its impact on the
surface energy and water vapor exchanges encountered during GABRIEL can not be
evaluated by comparison with observations. However, for F,,=0.5 the simulated day-
time median of the ratio of the sensible to latent heat flux, the so-called Bowen ratio,
which is shown in Fig. 2a for 3—4 October, of ~0.15 is comparable to that observed in
other tropical forest sites by da Rocha et al. (2004) (note that the daytime average is
negative due to the large negative values in the early morning and late afternoon). In
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addition, the simulated maximum BL depth, which depends among other variables also
on surface energy partitioning, of about 1400 m agrees well with the observed BL depth
(~1440m). The latter has been inferred from observed virtual temperature profiles de-
termining the first temperature inversion in those profiles going upward (Eerdekens et
al., 2008) and is about ~300 m deeper compared to the simulated BL height taking
F,s=1 (no soil moisture stress).

Despite the fact that GABRIEL was conducted during the dry season, meteorological
observations indicate that the region was still relatively moist with daily rain showers
subsequent to the development of shallow cumulus convection in the afternoon. The
shallow cumulus clouds, with a cover ranging between 2/8-3/8, were generally present
between 1-3 km altitude and complicate inferring emission fluxes from observed mix-
ing ratios in the BL as presented by Eerdekens et al. (2008). Actually the “observed”
emissions include an uncertainty range that reflects the difference between the BL and
a deeper mixed layer (ML). The virtual temperature profiles do not always show such
an explicit inversion (indicated by a large jump in temperature, moisture and tracer mix-
ing ratios at the inversion zone) as is generally found at the top of clear sky boundary
layers. The available moisture results in the occurrence of a conditionally unstable
layer where shallow cumulus clouds form above the first virtual temperature inversion
(BL height) in which tracer transport occurs thereby further decreasing the BL mixing
ratios of emitted compounds. In order to assess the possible consequences of this
enhanced mixing mechanism for the inferred surface emissions we have estimated the
ML depth based on BL height, cloud top height, cloud cover and lifetime of the chemical
compound. With a cloud cover of 2/8-3/8 and an assumed maximum cloud top height
of 3km, the area- average ML depth is ~1900 m, which actually agrees quite well with
the area-average altitude of the observed second virtual temperature inversion. This
difference of ~400 m between the ML and BL depth has been applied to estimate the
uncertainty in the emission fluxes. Numerical analysis by Vila-Guerau de Arellano and
van den Dries (2008) suggests that the significance of this enhanced upward trans-
port in the conditionally unstable layer above the BL, and the uncertainty in inferred
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emissions, decreases with a decrease in lifetime of emitted species. Consequently,
this enhanced mixing process is expected to be less relevant for isoprene compared to
longer lived compounds such as methanol and acetone.

The SCM actually simulates the development of cumulus clouds, with a maximum
cloud cover up to ~4/8 but the cloud base is simulated to be around 3km altitude. The
consequences of this simulated representation of clouds for photolysis and convective
transport are discussed in more detail in Sect. 4. Figure 2b shows a comparison of the
observed average water vapor profile over land for 14:00-17:00 UT (11:00-14:00 LT),
and the simulated profile for 3 October, 15:00 UT. The comparison shows that the
model, with the imposed significant decrease in evapotranspiration, reproduces the
water vapor content in and above the BL generally well. The model also simulates
the observed air temperature well, shown in Fig. 2c, with respect to the profile and the
absolute values, although there is a difference between the maximum simulated and
observed SL temperature of about 2 K. This might reflect a low-altitude measurement
bias of conditions at and near the airport as well as a model discrepancy. A compari-
son of wind speed profiles, shown in Fig. 2d, indicated that the simulated surface wind
speed was in good agreement with the observations suggesting that the role of turbu-
lence in atmosphere-biosphere exchanges is represented well in the model. However,
it can be clearly seen that the model simulates a too small increase in wind speed with
altitude in the BL which points at a misrepresentation of momentum fluxes. This un-
derestimation of wind speed at the top of the BL has consequences for the simulated
exchanges of trace gases between the BL and free troposphere. An indication about
the accuracy of model simulated radiative fluxes, another driver of reactive trace gas
exchanges and atmospheric chemistry, will be presented later in Sect. 4.2 since the
radiation measurements were limited to the photolysis frequency of NO, (jNO,).
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4 Reactive trace gas exchanges

The observations indicate that the conditions for the photochemistry encountered dur-
ing GABRIEL reflect the role of natural emissions with only occasional, local contribu-
tions by anthropogenic and biomass burning emissions. Consequently, an interpreta-
tion of the observed reactive trace gas concentrations requires a thorough evaluation
of natural sources, sinks and transport of precursors involved in the photochemistry
over the forest in the Guyanas, which involves soil-biogenic NO, exchanges, biogenic
emissions of VOCs and oxygenated species as well as dry deposition of species such
as ozone and oxidation products.

As indicated above, the soil moisture has been modified in the SCM simulations for a
realistic representation of the boundary layer evolution. To evaluate the simulations of
turbulent tracer transport in the BL and between the BL and the free troposphere (FT)
we first present an evaluation of the methanol and acetone exchanges and concen-
trations. An advantage of interpreting these compounds is that, due to their relatively
long chemical lifetimes, chemical transformations do not play a significant role at the
timescale of BL turbulent transport. A major limiting aspect is the lack of knowledge
about their biogenic sources and sinks. Probably the latter have been better quanti-
fied for reactive nitrogen oxides and ozone. However, the exchange of NO, and Oy
is also affected by chemical interactions including the reactive VOC species such as
isoprene and terpenes, thus complicating the evaluation of BL turbulent transport of
these components.

4.1 Oxygenated compounds: methanol and acetone

Observations suggest that atmosphere-biosphere exchanges of the oxygenated com-
pounds methanol and acetone are influenced by a canopy-scale compensation point
(Ccomp) With upward or emission fluxes for surface layer concentrations smaller than
Ccomp @nd downward or dry deposition fluxes for surface layer concentrations larger
than C,omp- For example, observations above and within a Costa Rica tropical for-
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est by Karl et al. (2004) showed daytime emission fluxes for methanol and acetone
of ~2.6x10'"® moleculesm™2s™" and 1x10"® molecules m~2 3'1, respectively, whereas
the nocturnal gradient measurements indicated the presence of a canopy sink. As
a possible explanation for this sink Karl et al. (2004) proposed deposition to leaves
enhanced by the formation of dew. In contrast, Harley et al. (2007) conducted leaf
enclosure measurements that showed generally small or near zero nocturnal methanol
emissions. During GABRIEL, no direct flux measurements were conducted although
observed surface concentration changes at Brownsberg suggest a similar bi-directional
exchange regime. The inferred daytime CH;OH and acetone emission fluxes for an
observed BL height of ~1400m are ~4.2x10'° moleculesm™2s~' (0.80 mg CHzOH
m™2 h'1) and ~1x10" moleculesm™2s™" (0.35mg Acetone m=2 h'1), respectively
(Eerdekens et al., 2008). Inferring the magnitude of the removal fluxes at night is
unfortunately not possible because observations of the nocturnal turbulent mixing con-
ditions at the Brownsberg site were not performed. The observed concentration de-
creases suggest, similar to the observations by Karl et al. (2004), an efficient sink of
methanol and acetone possibly through surface deposition. However, a role of advec-
tion in explaining the observed decreases in the concentrations can not be excluded
but if the sink would indeed be dominated by surface deposition, the inferred removal
rate (assuming a nocturnal inversion layer of 200 m) is rather close to the turbulent limit
suggesting a very efficient uptake at the surface.

A parameterization of biogenic methanol and acetone emissions, implemented in
the dynamic global vegetation model (DGVM) ORCHIDEE, according to Lathiere et
al. (2006), does not consider this compensation point and excludes the stomatal con-
trol of emissions (see below). In this DGVM, emissions of methanol and acetone
are simulated according to Guenther et al. (1995) from the foliar density (dm), an
ecosystem specific emission factor and surface temperature. However, using the
ORCHIDEE methanol and acetone emission factor for tropical forests of 0.6 and
0.29 ugC gdm™" h™", respectively, the SCM’s foliar density of about 1200—1300 g for the
transect and the temperature attenuation function (based on Guenther et al., 1995), we
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simulate unrealistically high methanol and acetone surface layer mixing ratios. Includ-
ing a correction factor for mature and old leaf methanol emissions (decrease by factor
of 2), as assumed by Lathiere et al. (2006), still results in the simulation of maximum
methanol mixing ratios in the middle of the BL up to 8 ppbv for 3 October and 15 ppbv
for 4 October. These results are consistent with simulated CH3;OH surface mixing ra-
tios between 10 and 25 ppbv in the global chemistry-climate model LMDz-INCA which
uses ORCHIDEE to simulate biogenic emissions (Folberth et al., 2006). In contrast, the
maximum observed CH3OH mixing ratio during GABRIEL, at about 300 m altitude and
higher, is ~3 ppbv (Eerdekens et al., 2008). The simulated overestimation of CH;OH
mixing ratios and increasing mixing ratios further inland also reflect a large nocturnal
accumulation due to continuous temperature dependent emissions in a shallow sta-
ble boundary layer. This is illustrated in Fig. 3 which shows the simulated CH;OH
emission over land and canopy top fluxes for 3—4 October. The simulated maximum
CH3OH emission flux of about 8x10'° moleculesm™2s™" as well as the maximum ace-
tone emission flux of 2.7x10'® moleculesm™2s™" (not shown here), is a factor of ~3
larger compared to the Karl et al. (2004) and GABRIEL observations. The maximum
canopy top fluxes are even larger in the early morning of the second day reflecting the
canopy release of methanol and acetone after accumulation within the canopy during
the night. It is apparent that this parameterization, implemented in one of the more
commonly applied DGVMs in global-scale analyses, does not simulate realistic mixing
ratios both in terms of magnitude and the diurnal cycle.

The multi-layer canopy model for reactive trace gas exchanges implemented in
the SCM has previously been applied to study bi-directional atmosphere-biosphere
NO, exchanges including the potentially important role of an NO, compensation point
(Ganzeveld et al., 2002b). For the analysis presented here we apply the compensation
point approach to also simulate the bi-directional exchanges of acetone and methanol,
including stomatal control. This is based on studies that focused on methanol emis-
sions by Hlve et al. (2007) and Harley et al. (2007, and references therein) making
the assumption that the controlling mechanism of biogenic acetone emissions is sim-
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ilar to that of methanol. The mechanism is actually considered in a leaf exchanges
model, developed by Niinemets and Reichstein (2003), being constrained with enclo-
sure observations to study the model performance in simulating methanol emissions
for a selection of vegetation types (Harley et al., 2007). However, also due to a large
uncertainty in key parameters, e.g., production rate as well as the lack of observations
of parameters to constrain the leaf exchanges model, we have applied a simplified ap-
proach to study the role of the diurnal cycle in acetone and methanol exchanges over
tropical forests. We prescribe a non-zero stomatal concentration (Cgiomata) in the SCM
multi-layer exchange calculations such that we simulate a maximum daytime emission
flux comparable to the observed fluxes. Including this stomatal control on CH;OH and
acetone exchange fluxes, the simulated nocturnal stomatal closure results in the sim-
ulation of nocturnal removal determined by the turbulent and quasi-laminar transport
to the surface and subsequent surface uptake. In the SCM (and ECHAMS/MESSYy)
dry deposition of gases, for which flux observations are hardly available, the surface
uptake efficiency is estimated according to an approach by Wesely (1989) based on
solubility and reactivity, and scaled with the ozone and sulfur dioxide surface uptake
resistances. Using a Henry coefficient of 2.2x10% and 30Matm™" for methanol and
acetone, respectively, a medium reactivity for both components and R,u=104 (Wesely,
1989; Walmsey and Wesely, 1996), nocturnal removal is estimated to be small also
due to inferred large uptake resistances for the dry cuticle and wet skin fraction (wet
vegetation and soil due to rainfall interception or dewfall).

Figure 4 shows the simulated mixing ratios of methanol and acetone, respectively,
for 3—4 October along the transect for the five layers that represent the Surface Layer
(SL) up to the top of the BL around 1500 m. The difference in CH3;OH mixing ratios be-
tween the surface layer and those at 1500 m before sunrise at 3 October partly reflect
the used initial profiles, which are based on observed CH;OH mixing ratios over the
Atlantic ocean, and simulated exchanges between the MBL and free troposphere for
1—2 October. The model simulates an increase after sunrise on 3 October from about
1.5 up to 4 ppbv CH3;OH and from 0.6 to 1.25 ppbv acetone throughout the BL. These
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mixing ratios are slightly higher compared to observed mixing ratios which increase
from ~0.75 to ~3 ppbv CH3;OH and ~0.4 to ~1 ppbv acetone (Eerdekens et al., 2008)
while the gradients compare well. The model simulates a further increase in mixing ra-
tio as the column moves further inland also because the nocturnal mixing ratios show,
in contrast to observations, only a relatively small decrease due to surface deposition.
Therefore, we have conducted an alternative simulation in which we have applied a
significantly smaller nocturnal uptake resistance (Re,;, mostly reflecting the uptake by
the dry and wet cuticula) of 100 s m~"'. The blue line in Fig. 4a shows a strong decrease
in the nocturnal CH3OH mixing ratios, consistent with the observations at Brownsberg
and those by Karl et al. (2004), though confined to the SL (and canopy, not shown here)
reflecting the suppressed turbulent transport between the canopy, SL and layers aloft.
Although the model simulates a smaller emission flux for the second day over land (4
October), the increase in CH3;OH mixing ratio is larger compared to the previous day
also due to the entrainment of air masses from the residual layer with, according to
the model, relative high CH;OH mixing ratios. This may point at a possible misrepre-
sentation of the nocturnal depletion in the residual layer. This feature will be further
discussed after the evaluation of other components. For a more detailed comparison
including a comparison of simulated and observed vertical mixing ratio profiles we refer
to Eerdekens et al. (2008).

Finally, to indicate the possible decrease in the tropical forest source strength of
methanol and acetone according to the ORCHIDEE implementation, the integrated
CH3;OH and acetone canopy-top fluxes for the compensation point approach are about
80% smaller compared to the ORCHIDEE exchange fluxes due to the substantially
smaller maximum daytime fluxes and small nocturnal deposition fluxes instead of emis-
sions. This implies that, if these findings are representative for tropical forest, the global
biogenic emission budget for methanol and acetone of 106 and 42 TgC yr'1, as esti-
mated b¥ Lathiere et al. (2006), would be lower by about 25 (~25%) and 16 (~40%)
TgC yr™ ', respectively.
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4.2 Nitrogen oxides and ozone

The GABRIEL airborne observations include NO and O concentrations and NO, pho-
tolysis rates. Surface observations are unfortunately not available which implies that
evaluation of the boundary layer NO,-Og5 relies on the comparison of the observed
and simulated NO-O3 concentrations that reflect the modeled atmosphere-biosphere
exchanges. The latter have been extensively evaluated earlier using the SCM in a di-
rect comparison with observations of tropical forest exchanges (e.g., Ganzeveld et al.,
2002a). Comparison of simulated and observed BL and free troposphere NO and O4
mixing ratios as well as the NO, photolysis rates should pose important constraints on
the NO,-O3 photochemistry and transport processes. Figures 5a and b shows a com-
parison of the simulated and observed average NO mixing ratio profiles over the ocean
(14:00-17:00 UT) and over land (17:00—-20:00 UT) up, respectively, up to an altitude of
2.5km. Occasional outliers in the observed NO mixing ratios up to more than 1 ppbv
have been excluded since these likely reflect the role of anthropogenic emissions, most
likely some localized pollution sources as indicated by simultaneously enhanced O;
mixing ratios. Figure 5b also shows the simulated profiles for 3—4 October to indicate
the mixing ratio changes land inward. The comparison indicates that the model sim-
ulates NO mixing ratio in the BL over land in good agreement with the observations
whereas over the ocean the model simulates NO mixing ratios that are generally lower
than observed. This discrepancy may be explained by a significant underestimation
of the simulated jNO, (15:00 UT, 12:00 LT) over the ocean. Figure 6a shows that the
observed average jNO, in the lower 1 km for 14:00-17:00 UT as high as 15x1073s™"
is about 30% larger compared to the simulated jNO,. The SCM’s JNO, actually resem-
bles the jNO, simulated with the chemistry-climate model ECHAM5/MESSy over the
ocean near the equator for a clear-sky global radiation flux of ~1000 W m~2, a flux also
simulated by the SCM for 2 October. This suggests that simulations of the photoly-
sis with state-of-the-art models (ECHAM5-MESSy and the SCM use implementations
based on the Landgraf and Crutzten 1998, scheme) over the tropical ocean substan-
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tially underestimate the photolysis of NO,, and possibly also the photolysis of other
components, for yet unknown reasons. This may point to a role of aerosols in enhanc-
ing photolysis rates which is considered in the SCM photolysis calculations, though in
a rather rudimentary way using prescribed aerosol densities (4000 particles cm~2in
the MBL) and properties (MBL scattering optical thickness of ~0.02). Figure 6b indi-
cates that there is actually good agreement between the observed and simulated jNO,
in the continental BL where the SCM captures the observed NO mixing ratio profiles
well whereas the underestimation in the NO mixing ratios in the lower free troposphere
is partly explained by an underestimation in the simulated jNO,. There are even more
pronounced discrepancies higher up in the free troposphere between 2.5—-6 km with a
simulated jNO2 being about 30% lower compared to the observations, which show an
enhancement of JNO2 associated with shallow cumulus cloud cover and aerosols. The
SCM does not simulate clouds in the lower free troposphere for 3 October whereas
during 4 October significant cloud cover at about 3 km altitude results in a simulated
maximum jNO, (~1 7x1073 3’1), comparable to the observations above clouds.

The simulated increase in NO mixing ratios from the coast to further inland reflects
simulations of soil NO emissions from wet soils based on the Yienger and Levy (1995)
algorithm with a constant (no temperature dependence for emission category rainfor-
est) wet soil emission flux for most of the domain of about 2.6 ng m2s” (in terms of
mass nitrogen, 11.2x1 0" moleculesm™?s™" )- Along the transect a few areas with agri-
cultural activity and an area west of 59° W with a savannah/grass cover have slightly
larger soil NO emission fluxes compared to that of rainforest, as shown in Fig. 7.

During GABRIEL direct NO soil emission flux measurements were not made. How-
ever, the simulated soil NO emission fluxes have been compared with laboratory mea-
surements. These inferred soil NO fluxes were calculated using soil samples collected
in the rainforest near Brownsberg according to the method of van Dijk et al. (2002).
Since soil diffusivity was not measured it was estimated according to Moldrup et
al. (2000). The laboratory emission estimates were fitted as a function of soil mois-
ture, in terms of Water filled Pore space (WFPS) and temperature according to the
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method of Meixner and Yang (2006). The soil water filled pore space (WFPS) was de-
termined from the modeled gravimetric soil moisture according to the method of Parton
et al. (2001). A Q,, temperature dependence of 1.95 was determined using the differ-
ence in NO release between soils measured at 25°C and at 35°C during the peak of NO
release (data not shown), which is within the range of the modeled soil temperatures.
The optimum soil moisture for NO emission was found to be 33.3% WFPS and at 25°C
the optimum NO flux was found to be 2.65ng m=2s~". To assess how this optimum
emission flux compares to the simulated NO emission flux we have calculated the soil
NO emission flux from the SCM’s WFPS and soil temperature using this laboratory
measured dependency. It can be inferred from Fig. 7 that this laboratory based soil
NO emission flux, constrained with the SCM soil moisture and temperature, compares
well to the simulated NO emission flux for the unperturbed tropical rainforest along the
transect.

Figure 7 furthermore indicates the fraction of the soil NO emissions expected to be
released into the atmosphere by also showing the canopy top NO, fluxes. Note that
zero emission fluxes during the night of 3—4 October reflect the simulated passage of
the atmospheric column over lake Brokopondo. It can be inferred that, according to the
multi-layer canopy model implementation in the SCM, generally about 50% or less of
the soil emissions is released into the atmosphere, except for conditions dominated by
savannah/grass cover (end of 4th October) with a much smaller Leaf Area Index (LAI)
compared to tropical forest, so that most of the emitted NO, can escape the canopy
because the removal of NO, by dry deposition is much less than in forest conditions.

The previously discussed decrease in evapotranspiration does not only affect the
simulated surface energy balance and BL depth but also the dry deposition of species
being controlled by stomatal uptake, for example of ozone and NO,. The simulated
maximum ozone dry deposition canopy-top flux of about 3.5x10"° moleculesm™2s™"
is in good agreement with available observations over tropical forests in Brazil (Fan et
al., 1990; Rummel et al, 2007). However, these observed fluxes reflect wet season con-
ditions with observed daytime ozone mixing ratios of ~10 ppbv compared to simulated
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and observed surface layer ozone mixing ratios of about 18 ppbv during GABRIEL. The
maximum simulated ozone dry deposition velocity (V4o3) of 0.8 cm s~ calculated from
the canopy-top O flux and surface layer mixing ratio, is substantially smaller compared
to the maximum observed Vo5 over tropical forest being as high as 2cm s™". However,
the latter represents conditions without soil moisture stress and a large roughness in-
ducing a very efficient turbulent exchange. The maximum diagnostic Vyo3 for F,,.=1is
1.2cms™ . Evaluation of the role of O dry deposition relative to transport, mixing and
chemical production or destruction relies on the comparison of simulated and observed
O3 mixing ratios during the transport of the air masses from the coast further inland.

Figure 8 shows the vertical O5 profile up to an altitude of 2.5 km over the ocean for
14:00-17:00 UT and over land for 17:00-20:00 UT, respectively. The good agreement
between the simulated and observed profile over the ocean to a large extent reflects
the selected initial vertical profiles with a relatively long lifetime due to small surface
deposition and low NO, conditions. The model simulates a small increase in O3 of
about 5 ppbv between the marine and continental BL. Interpretation of the profile over
land is difficult due to the limited number of observations below ~300 m, also indicated
by the large observed variability. Nevertheless, the simulated vertical profiles seem
to be in good agreement with the observations from the surface to the BL top, clearly
showing a profile that reflects the efficient surface removal by dry deposition. It is
also interesting that changes in O3 between 3 and 4 October are small suggesting
equilibrium between BL sources and sinks.

Interpretation of the process tendencies provides indications about the role of the
various processes as shown in Fig. 9 for the surface layer for 2—-4 October. For 2nd
October during which air masses are transported over the Atlantic Ocean the main
processes that control surface layer O; mixing ratios are oceanic dry deposition, with a
rather constant removal rate of ~0.3 ppbv T, largely compensated by downward tur-
bulent transport and a relative small chemical production in the morning. Over land
the (surface layer) dry deposition tendency is negligible since the role of dry deposition
is considered in the canopy layers. Over the canopy the net tendency is controlled
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by relatively large chemical production terms in the morning, with a maximum O pro-
duction of 3 ppbv ™! in the early hours of 4th October. This production is, however,
partly compensated by turbulent transport resulting in a net increase of ~2 ppbv h™"in
the early morning following the nocturnal depletion through transport into the canopy
and the subsequent small dry deposition and chemical destruction. To put the net and
chemical tendencies into perspective, the daytime turbulent tendencies reflect the net
change in surface layer O due to a large flux from aloft and a flux into the canopy
where dry deposition provides an efficient sink with simulated maximum destruction
rates of ~20 ppbvh™".

To interpret the nocturnal and morning chemical destruction and production tenden-
cies we show in Fig. 10 the net chemical tendency as well as the main reactions that
contribute to the net tendency in the surface layer. It appears that the simulated noctur-
nal O5; depletion can be attributed to isoprene oxidation whereas the relatively strong
production of O3 in the morning is mostly due to the NO-HO, and NO-XO, (NO to NO,
operator in chemistry scheme of SCM) reactions. This reflects especially the release of
NO,, which has accumulated within the canopy during the night, into the surface layer
and the rapidly growing boundary layer. These features of O5 chemistry and exchanges
emphasize the importance of nocturnal and early morning atmosphere-biosphere ex-
change processes to interpret and quantify daytime tropical atmospheric chemistry, in
line with the previous discussion about methanol and acetone exchanges. The reason-
able agreement between observed and simulated NO and O mixing ratios, continental
photolysis rates in the BL and soil-biogenic NO, exchanges shows that the model sim-
ulates key features of NO, and O5; atmosphere-biosphere exchanges and evolution of
and transport within the BL over the Guyana forests during GABRIEL.

4.3 \Volatile organic compounds: Isoprene and oxidation products

Isoprene emitted by tropical forests provides a large source of reactive hydrocarbon

precursor for tropical forest boundary layer chemistry. The subsequent oxidation of

CsHg by OH, O3 and NO; yields relatively short-lived carbonyls such as MVK, MACR,
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and further breakdown subsequently leads to formaldehyde (HCHO) and CO. Isoprene
is also known to act as a potentially significant source of secondary organic aerosols
(SOA) (e.g., Claeys et al., 2004; Kroll et al., 2006). A common problem of large-scale
atmospheric chemistry models, as well as the SCM, is that simulations based on the
commonly applied Guenther et al. (1995) emission algorithm generally result in a large
overestimation of the C5Hg mixing ratios in the boundary layer over tropical forest (e.g.,
Houweling et al., 1998). Simulated maximum mixing ratios can exceed 10-15 ppbv
compared to observations usually below ~5 ppbv. Consequently, a commonly applied
approach in global atmospheric chemistry studies is to use a substantially smaller flux,
ranging from 220 to 350 TgC yr'1 (Brasseur et al., 1998; von Kuhlmann et al., 2004),
compared to 500 TgC yr‘1 according to Guenther et al. (1995). It appears that explain-
ing the overestimation of tropical C5Hg concentrations in models requires an approach
integrating chemistry, micrometeorology and vertical transport all being partly responsi-
ble. For example, von Kuhimann et al. (2004) concluded that their model simulates too
steep vertical CsHg gradients compared to observations collected during the CLAIRE-
1998 campaign (Warneke et al., 2001) over the Suriname tropical forest suggesting an
underestimation of vertical transport.

We use the observations collected during GABRIEL to help constrain the represen-
tation of various processes in our SCM. Figure 11 shows a comparison of the simulated
CsHgemission fluxes using an implementation of the Guenther et al. (1995) emission
algorithm (hereafter G95) and the more recent MEGAN (Model of Emissions of Gases
and Aerosols from Nature) (Guenther et al., 2006) algorithm for 3—4 October. The max-
imum MEGAN emission fluxes of about 14 mg C5Hg m~2h~" are smaller compared to
the G95 fluxes for 3 October whereas for 4th October, with lower net radiation com-
pared to the previous day, emission fluxes by both algorithms are comparable. Note
that the algorithms differ in that the MEGAN basic emission factor (emission fluxes for
a reference optimum temperature and radiation conditions) is a canopy-scale emission
factor compared to the leaf-level emission factor of G95. However, since we explicitly
calculate the role of canopy processes in our multi-layer exchanges model we have
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recalculated (using the foliar density in g m~?) the MEGAN emission factor to a leaf-
level emission factor. The latter is used to calculate the emission flux in each canopy
layer and from that the effective release of C5Hg from the canopy to the atmosphere.
The simulated canopy-top CsHgflux is generally 90% of the emission flux suggesting a
relatively small decrease in the release of C5Hg due to within-canopy chemical trans-
formations and removal through soil uptake (Cleveland and Yavitt, 1997).

It can been inferred from Fig. 11 that the MEGAN simulated isoprene fluxes show a
significant delay in the onset of the emissions after sunrise and they decrease more
rapidly in the late afternoon compared to G95. The simulated MEGAN maximum and
09:00-17:00 UT average flux, of ~14 and 10 mg isoprene m2h7", respectively, is a
factor ~2 larger compared to the surface emission flux derived from observations of
~7.3mg CsHgm™2h~". This flux has been inferred from the observed changes in the
concentration of CgsHg and main oxidation products including MVK, MACR and the BL
height (Eerdekens et al., 2008). This factor 2 difference between the MEGAN and
inferred emission fluxes is within the stated uncertainty in MEGAN isoprene emission
estimates of 50%.

For the evaluation of the BL mixing ratios of C5Hg we applied an isoprene emission
flux reduced by a factor 2 (hereafter referred to as Fpisop=0.5)- Figure 12 shows a com-
parison of the simulated and observed C5Hg mixing ratios up to an altitude of 2500 m for
the Fenmisop=0.5 Simulation for 3—4 October, 17:00-20:00 UT. The comparison indicates
reasonable agreement between the simulated and observed maximum mixing ratios in
the middle of the BL (~400-500 m) with observed mixing ratios ~3 ppbv. The simulated
relative decrease in mixing ratio for 4 October compared to 3 October resembles the
decrease in simulated emission fluxes between the two days, shown in Fig. 11. The
comparison also indicates, consistent with the findings by von Kuhimann et al. (2004),
that the model simulates a larger decrease in the mixing ratios with altitude compared
to the observed profiles (above the minimum flight altitude of ~300 m) suggesting that
the model underestimates the (turbulent) upward transport. Moreover, the observation
of about 0.5 ppbv isoprene above the BL compared to a simulated mixing ratio close to
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zero suggests that convective transport to higher altitudes is underestimated.

Interpretation of the simulated mixing ratios for the two emission algorithms indicates
that, in addition to the decrease in the emission flux by a factor 2, also the distinctly
different diurnal cycle in CgHg emission fluxes is relevant to the BL mixing ratios. To
isolate the impact of different diurnal cycles between the G95 and MEGAN emission
fluxes on BL mixing ratios of CgHg we have selected the emission factor such that
the 3—4 October integrated emission flux using the G95 algorithm resembles the inte-
grated flux of the Fepisop-05 MEGAN emission flux simulation. Figure 13 shows the
difference between the C5Hg mixing ratios in the surface layer (SL) and the middle of
the BL (~440m) simulated with the G95 and MEGAN emission algorithms (calculated
as G95-MEGAN), showing maximum differences of about 2 ppbv and 1 ppbv (relative
to ~5 ppbv and ~3 ppbv) in the surface layer and middle of the BL, respectively. These
differences, with a pronounced impact on long-term average mixing ratios (often used
for the evaluation of large-scale chemistry models) occur in the early morning when
suppressed turbulent mixing conditions result in a high sensitivity to the timing of the
onset of emissions. These findings demonstrate that evaluation of large-scale chem-
istry models by comparison of surface or BL mixing ratios requires a careful analysis
and consistent representation of temporal variability in surface sources and sinks as
well as turbulent transport.

4.4 Oxidation products
4.41 Methyl vinyl ketone, methacrolein and formaldehyde

Evaluation of the isoprene chemistry over the Guyana forest involves compari-
son of the simulated and observed oxidation products, methyl vinyl ketone (MVK),
methacroleine (MACR) and formaldehyde (HCHO). Figure 14 shows a comparison of
the vertical profile of the observed summed MVK and MACR mixing ratios over land for
17:00—20:00 UT and the simulated vertical profile for 3 and 4 October. The simulations
reflect the Fenisop=0.5 Simulations with MEGAN. We obtain good agreement between

11931

ACPD
8, 11909-11965, 2008

Reactive Trace Gas
exchanges over
Guyanas tropical

forest

L. Ganzeveld et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

the observed and simulated mixing ratios for 3 October although the model simulates
a further increase in MVK+MACR mixing ratios with the air column being transported
further inland. This increase reflects the combined effect of chemical production and
loss, dilution through mixing and surface deposition, as indicated by the simulated mix-
ing ratio gradient in the surface layer and canopy. Surface deposition is calculated
using the aforementioned approach by Wesely (1989) using estimated reactivities and
Henry’s law coefficients similar to those used by von Kuhimann et al. (2004) in a study
of the sensitivity of the global isoprene budget to processes including deposition of ox-
idation products. This results in simulated MVK and MACR dry deposition velocities
(V) which are slightly smaller compared than those of O; and SO, (maximum day-
time V, ~1cm s~" and nocturnal Vg ~0.1cm s™'). However, it should be noted that the
nighttime destruction by surface deposition does not result in a substantial nocturnal
decrease in MVK+MACR mixing ratios. On the contrary, especially in the residual layer
overlaying the inversion layer the model simulates a further increase in MVK+MACR
mixing ratios associated with nocturnal isoprene destruction through its reaction with
O3. This results in maximum residual layer MVK+MACR mixing ratios up to 2 ppby,
which are entrained into the developing BL the next day.

Unfortunately the early morning observations in the residual layer during GABRIEL
are too few to evaluate this feature of nocturnal accumulation of isoprene oxidation
products in the residual layer. Observations by Warneke et al. (2001), which were
collected over Suriname in the LBA-CLAIRE 1998 campaign, show residual layer con-
centrations of MVK+MACR of the order of 400 pptv, substantially smaller compared to
the simulated residual layer mixing ratios. However, these observations were collected
in March and April 2001 with the prevailing wind direction being northeast, in contrast
to GABRIEL with the main wind direction being east to southeast, the latter resulting in
a substantially longer residence time of the sampled air masses over land than during
LBA-CLAIRE1998. Surface observations of VOCs collected during LBA-CLAIRE1998
at a site about 1000 km further downwind and in-land at the site of Balbina, Brazil
(Kesselmeier et al., 2000), show similarly small MVK+MACR mixing ratios. We have
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conducted an additional SCM simulation in which we have applied a substantially larger
surface removal efficiency, assuming zero resistance against uptake by the dry and wet
vegetation. Unsurprisingly, this simulation shows a very strong depletion of surface and
canopy MVK+MACR mixing ratios but does not result in a substantial decrease in the
residual layer mixing ratios simply because nocturnal turbulent transport is completely
suppressed in the SCM. This is a feature of all atmospheric chemistry models, while
observations show that nocturnal intermittent transport events actually occur regularly.
For example, observations by Fitzjarrald and Moore (1990) and Acevedo et al. (2006)
provide evidence of the important role of nocturnal intermittent turbulent transport in
tropical forest exchanges of energy, moisture and CO,. Fitzjarrald and Moore (1990)
postulated a mechanism to explain this intermittent exchange regime by the breakdown
of the nighttime inversion through enhanced shear associated with the presence of a
nocturnal jet. Such local-scale processes are not yet resolved in models, including
our SCM, and we recommend further analysis that would ultimately result in the devel-
opment of parameterizations of enhanced nocturnal mixing in atmospheric chemistry
models.

For another important isoprene oxidation product, HCHO, the simulations based on
the uncorrected MEGAN CgHg emission flux yields BL mixing ratios in excess of 6 ppbv
for 4 October, which is significantly higher compared to the observed HCHO mixing ra-
tio. Figure 15 shows a comparison of observed and simulated HCHO mixing ratio
profiles for 3—4 October, 17:00-20:00 UT, applying the reduced MEGAN emission flux
simulations. It can be clearly seen that the model overestimates HCHO mixing ratios in
the lower 1000 m of the BL, whereas it underestimates the HCHO mixing ratios at the
top of the BL and in the free troposphere. The underestimation above 1 km height is
consistent with the misrepresentation of the C5Hg mixing ratio profile discussed above.
It is likely related to the underestimation of convective mixing and isoprene and HCHO
oxidation by OH. Furthermore, it is conceivable that the CBM4 higher hydrocarbon
chemistry mechanism applied in our SCM may misrepresent isoprene chemistry for
low-NO, conditions. The yield of formaldehyde from the lumping of hydrocarbons and

11933

ACPD
8, 11909-11965, 2008

Reactive Trace Gas
exchanges over
Guyanas tropical
forest

L. Ganzeveld et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

reaction products may be overestimated, bearing in mind that CBM4 has been de-
veloped and tested for higher-NO, conditions compared to those encountered during
the GABRIEL campaign. The removal of HCHO by wet deposition is considered in
the SCM although this seems to be only a small sink compared to that due to pho-
tochemical loss and dry deposition. This is consistent with the actual meteorological
conditions encountered during GABRIEL with local precipitation events in deep con-
vection approximately once every three days. For a more elaborate discussion on the
role of dry deposition in explaining some of the discrepancies between observed and
simulated HCHO mixing ratios in the BL we refer to Stickler et al. (2007).

To understand the increase in mixing ratios in the lower BL between 3 and 4 October,
similar to that shown for MVK+MACR, we show in Fig. 16 the simulated HCHO mixing
ratios for this period up to 1500m. The diagnostic BL height is also shown. It can
be inferred from Fig. 16 that the model simulates a daytime increase in the BL mixing
ratios reflecting daytime chemical production, turbulent (and convective) transport and
dry deposition. However, it can also be inferred that there is a continuous nocturnal
source of HCHO through the oxidation of isoprene by ozone, which results in the ac-
cumulation of HCHO in the residual layer, providing an additional source of HCHO in
the early morning through the entrainment of these air masses into the growing BL. As
mentioned earlier, this mechanism indicated by our SCM simulations cannot be directly
tested by comparison with observations in the residual layer.

4.4.2 Hydroxyl and peroxy radicals

The preceding model evaluation of the various species observed during GABRIEL pro-
vides insight in atmosphere-biosphere exchanges and the control of reactive species
over the Guyana coastal region and tropical forest. To evaluate the modeled radi-
cal chemistry we show in Fig. 17 a comparison of simulated and observed OH and
HO, concentrations over land for 3—4 October for 14:00-17:00 LT. Clearly, despite
the reasonable agreement between observed and simulated precursor concentrations
involved in radical chemistry, the SCM significantly underestimates OH and HO, con-
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centrations, in particular within the BL. The model partitioning of the OH reaction ten-
dency indicates that the simulated main OH source is ozone photolysis followed by
the production from HO, reacting with NO and O5;. However, the previously presented
agreement between observed and simulated H,O, O3 and NO mixing ratios as well as
photolysis rates in the BL suggests that this misrepresentation of OH in the BL can not
be explained in terms of these two predominant sources of OH. This points to either, a
misrepresentation of the OH sink, which, according to our simulation, is dominated by
the C5Hg-OH reaction, or a missing source of OH. The evaluation of C5Hg mixing ratio
profiles has indicated that, despite the fact that the simulated mixing ratio in the middle
of the BL agrees well with observations, the simulated vertical gradient is overestimated
with too high mixing ratios in the lower BL and an underestimation of C5Hg higher up in
the BL. However, the comparison reveals a bias between the observed and simulated
OH concentrations that does not change much with height suggesting that misrepre-
sentation of CgHg, in particular of the vertical profile, is not the only explanation of the
strong underestimation of radical concentrations in the BL.

To assess the role of potential missing OH formation, we have conducted simula-
tions to study the effect from a source of OH through terpene ozonolysis. This is also
motivated by the role of these reactions in producing OH inside the canopy for day-
time as well as nocturnal conditions (e.g., Faloona et al., 2001) and the fact that visible
observations from the aircraft clearly indicated the presence of a haze layer. Since
biomass burning sources were not important for most of the campaign this haze prob-
ably reflects the role likely results from the oxidation of biogenic precursor emissions
(such as terpenes) in the formation of secondary organic aerosols (SOA). Furthermore
monoterpenes were measured from the aircraft at mixing ratios of circa 10—-20% of
isoprene (Williams et al., 2007). Karl et al. (2007) stated that, based on an analysis
combining a photochemical box model and a mixed layer budget approach to study
VOC exchanges over Amazonia, the large discrepancy between the simulated and in-
ferred OH, could be explained by ozonolysis of sesquiterpenes with a mixing ratio of
~1% of that of isoprene. Here we complement this analysis through explicit numerical
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integration to assess in particular the interaction between vertical turbulent (and con-
vective) transport and chemical transformations. We extended the CBM4 chemistry
mechanism of the SCM to consider OH oxidation and ozonolysis of the monoterpenes
a-pinene and B-pinene (Ganzeveld et al., 2006b) and terpinolene. Note that this exten-
sion does not consider detailed reactions involving the products and should therefore
be interpreted as an indication of the first-order potential impact of these reactions on
OH in the BL. Selection of the monoterpene terpinolene was based on the chemical
timescale of its reaction with OH and O3 and the OH yield of the ozonolysis reaction
rather than on knowledge about speciated VOC emissions from tropical forests (An-
dreae et al., 2002; Kesselmeier et al., 2002; Williams et al., 2007; Karl et al., 2007).

In addition to the efficiency of OH production the timescales of the reactions of ter-
penes with O3 are crucial in explaining 1) if more OH is produced than consumed
and 2) the vertical distribution of OH production by terpene ozonolysis within the BL
dependent on the relative ratio of the chemical and the turbulent timescale. With a
typical vertical updraft velocity of the order of 1—2ms™ (e.g., Karl et al., 2007) and
a BL height up to 1500 m the turbulent mixing timescale is about 15-30 min. For ex-
ample, the sesquiterpene humulene reacts relatively slowly with OH compared to the
reaction with O3 (with an OH yield of 0.22), thus providing a potential source of OH;
however, the latter reaction has a timescale of the order of 2 min (for an Oz mixing ratio
of ~29 ppbv) (Atkinson and Arey, 2003). This suggests that OH production from the
ozonolysis of humulene is largely restricted to the canopy and surface layer (lower 50—
100m). The same applies to the sesquiterpene (-caryophyllene, which according to
Karl et al. (2007) could possibly explain the discrepancy between the model simulated-
and inferred OH concentrations. However, it seems that they did not consider the lim-
ited altitude range of this potential OH source. In contrast, the chemical timescale of
the O-terpinolene reaction, with an OH yield >0.74(+0.10) (Atkinson and Arey, 2003),
is of the order of 13 min. Simulations with a range of terpinolene emission fluxes indi-
cate that, to provide a substantial source of OH throughout the BL, an emission flux one
order of magnitude larger compared to the simulated monoterpene emission fluxes is
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required. Actually such a flux of reactive terpenes as a source of OH through ozonol-
ysis would be comparable to the isoprene emission flux, which seems unrealistic also
from the point of view that further reactions would lead to higher concentrations of reac-
tions products including formaldehyde and organic peroxides than has been observed.
Therefore, we pursued an explanation for the identified large discrepancy between
observed and simulated OH concentrations in the isoprene oxidation mechanism, as
discussed in more detail by Lelieveld et al. (2008) and Butler et al. (2008).

5 Discussion of turbulent transport
5.1 Breakdown of inversion

In Sect. 3 and 4 it has been demonstrated that through the adjustment of soil moisture
in the SCM the simulated BL micrometeorology and atmospheric chemistry are brought
into reasonable agreement with the observations. Figure 2a shows, for example, that
the simulated median daytime Bowen ratio over land is in good agreement with obser-
vations in other tropical forest sites. However, a more careful analysis focusing espe-
cially on the early morning transition indicates that the SCM, and likely most chemistry
and climate models which include similar representations of land-atmosphere interac-
tions, simulates a breakdown of the nocturnal inversion for 4 October about 3 h after
sunrise which is unrealistically long. Observations by da Rocha et al. (2004) suggest
that positive Bowen ratios are already observed 1.5 h after sunrise. Figure 18 shows
the net radiation (R), latent heat flux (LE) and Bowen ratio focusing on this early morn-
ing transition. It can be inferred that after sunrise around 06:00 LT the model simulates
an increase in LE with increasing incoming radiation (R,) until about 09:30 LT. The
simulated early onset of evapotranspiration after sunrise results in an early morning
decrease in skin temperature, further increasing surface layer stability and delaying
the inversion breakdown. This (mis)representation of the transition in the turbulence
regime is not only relevant for the evaluation of the BL micrometeorology but also for
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atmospheric chemistry.

Since many of the surface sources and sinks of reactive trace gases depend on
radiation, the simulated too slow inversion breakdown results in the accumulation or
depletion of species that are emitted or removed by chemical destruction or surface
deposition, respectively. This in turn results in an unrealistic representation of the ini-
tial exchange flux between the inversion layer and the layers aloft after the inversion is
destroyed, e.g., the morning bursts of NO, and VOCs that have accumulated during the
night and early morning within the canopy. To assess the consequences of a possible
misrepresentation of evapotranspiration during the breakdown of the inversion layer for
atmospheric chemistry, we have conducted additional simulations in which we manip-
ulated the SCM representation of evapotranspiration such that it increases less rapidly
with an increase in radiation for low radiation intensities. The impact on the simulated
latent heat flux as well as the Bowen ratio are also presented in Fig. 18, showing that
the decrease in LE between about 06:00-09:00 LT compared to the default simulation
results in a shortening of the inversion breakdown by about 1 h. This results in a simu-
lated maximum decrease in canopy-crown and surface layer NO, mixing ratios of about
20% one hour after sunrise and, later during the day, maximum relative increases in
NO, mixing ratios higher up in the deepening BL up to 10% compared to the default
simulation. As a consequence CsHg mixing ratios can differ by as much as 25%. These
results indicate the importance of a realistic and consistent model representation of en-
ergy, moisture and reactive trace gas exchanges, in particular during the early morning
transition from the stable to the well mixed BL.

5.2 Vertical resolution of the BL

Because of the demonstrated misrepresentation of some of the vertical profiles of reac-
tive air constituents, especially those of VOCs, we have conducted an analysis applying
a much higher vertical resolution of 60 layers (L60) with about 13 layers representing
the BL up to 1500 m altitude compared to the 5 layers in the default L19 resolution.
The L60 resolution actually resembles that of the ECMWF data used to constrain the
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SCM simulations during the first day of the 3-day simulations. This analysis aims to
investigate to what extent a higher vertical resolution in the BL results in an improved
representation of surface and boundary layer turbulent transport and concentrations.
Before showing the impact of using this substantially higher vertical resolution it is
important to mention that the maximum simulated BL height for 3 October is 17700 m
compared to 1400m in the L19 version, indicating more efficient upward transport in
the simulation using the L60 resolution. The explanation of this more efficient transport
including surface and BL turbulence as well as BL/FT exchanges still needs to be as-
sessed. However, this more efficient upward transport is also reflected in the simulated
vertical profiles of the C5Hg, MVK+MACR and HCHO mixing ratios shown in Fig. 19a,
b and c, respectively. The L60 vertical profile of the C5Hg mixing ratio is steeper com-
pared to that of the L19 simulations and in much better agreement with the observed
vertical profile.

The more efficient upward transport in the L60 version is also clearly visible in the
MVK+MACR and HCHO mixing ratio profiles, with a significantly improved represen-
tation of the MVK+MACR mixing ratio near the top of the BL and in the lower free
troposphere. The L60 HCHO mixing ratio profile shows substantially lower BL mixing
ratios compared to the L19 resolution but the mixing ratios are still overestimated with
a distinct BL to free troposphere gradient that differs from the observations. In fact,
the higher SCM resolution does not alleviate the model deficiency to simulate the en-
hanced convective mixing associated with the presence of shallow cumulus over the BL
in the afternoon. Note that the significantly reduced mixing ratios in the lower BL do not
only reflect the more efficient dilution in a deeper BL but also a more efficient removal
of MVK+MACR and HCHO by dry deposition. Furthermore, interpreting the changes
in the L19 and L60 VOC mixing ratio profiles between 3 and 4 October indicates that
the (mis)representation of the nocturnal mixing regime does not substantially change
with the higher vertical resolution. The L60 simulations show, for example, a similar en-
hancement in the MVK+MACR mixing ratios comparing the 3—4 October surface layer
mixing ratios for 17:00-20:00 UT (factor ~1.5 increase). However, it can be concluded
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from these simulations that using an increased vertical resolution in the BL compared
to that commonly applied in large-scale atmospheric chemistry models seems to signif-
icantly improve the simulated turbulent exchanges and mixing ratio profiles of biogenic
precursors and products over tropical forest.

6 Conclusions

Our study of the atmosphere-biosphere and boundary layer exchanges of NO,, VOC’s
and Oj in the Guyanas during the GABRIEL campaign in October 2005 indicates that
the observations generally reflect a pristine tropical forest low-NO, chemical regime.
The consistency between observed and simulated BL micrometeorology and chemi-
cal exchanges, assuming a partly reduced availability of soil moisture, indicates that
the conditions reflect a relatively dry though not a moisture-limited regime (consistent
with the regular occurrence of precipitation events). Our evaluation also provides indi-
cations about the magnitude of the not-directly measured atmosphere-biosphere pre-
cursor fluxes and BL dynamics relevant to the interpretation of the airborne observa-
tions and other model analyses including those with the global chemistry-climate model
ECHAMS5/MESSYy (Lelieveld et al., 2008; Butler et al., 2008). In addition, our evalua-
tion reveals a number of issues which deserve increased priority in the interpretation
of tropical forest atmosphere-biosphere exchanges and boundary layer evolution and
turbulent transport. This includes bi-directional exchanges of oxygenated compounds
and nocturnal and early morning trace gas exchanges. For example, we demonstrate
that a commonly applied algorithm to simulate global acetone and methanol biogenic
exchanges appears to substantially overestimate the tropical forest source strengths.
We also emphasize the importance of understanding the temporal variability in mix-
ing conditions including the nocturnal- and early morning transition for the interpreta-
tion of the daytime observations. The daytime isoprene chemistry is affected by the
nocturnal removal and production processes in the inversion layer and residual layer
aloft through the entrainment of air masses in which isoprene oxidation products such
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as MVK, MACR and HCHO accumulate during the night. It must still be assessed
more quantitatively if this is a real or model feature recognizing that our SCM, as well
as all other atmospheric chemistry and climate models, does not represent observed
nocturnal transport phenomena such as intermittent exchange between the canopy,
surface layer and atmosphere aloft. Consequently, future campaigns that aim at im-
proving our understanding of tropical forest chemical exchanges should preferably also
include measurements to facilitate the interpretation of nocturnal and early morning ex-
changes of reactive gases. We recognize that for reasons of safety, flying low over the
rainforest in the dark is not possible for jet aircraft such as that used in this study. It is
however hoped that because of the here demonstrated importance of this time period,
we recommend that other platforms (e.g. Zeppelin combined with surface sites) be im-
plemented in future studies. Moreover, such campaigns should include atmospheric
chemistry and tracer measurements complemented with a selection of meteorological
parameters prerequisite to characterize turbulent exchanges between the canopy and
atmosphere including the residual layer.
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Fig. 1. Transect along which the SCM has been advected by a wind speed of 6.5ms™" for a
reference height of 1250 m, from 45° to 60° W along 4.5° N. The duration of the simulation is
3 days using a time step of 60's, which represents a distance per time step of ~300m. Also
shown are the measurement flight tracks with the colors indicating altitude.
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Fig. 2. Evaluation of micro- and PBL meteorology. Figure 2a shows the simulated Bowen ratio
for 3—4 October with a daytime average over land of ~0.13. Figure 2b shows the comparison
of the simulated versus observed water vapor profiles (g kg™") over land up to 3.5 km altitude.
The observed water vapor reflects the average and standard deviation of all measurements
collected between 4.5 and 5.5° N and 52-56° W for 14:00—17:00 UT. The simulated profile refers
to 3 October at 15:00 UT (12:00 LT). Figures 2c and d, as Fig. 2b but for air temperature and
wind speed, respectively.
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Fig. 3. Simulated biogenic emission and canopy-top CH;OH flux (1015 molecules m™2 5'1) for
3—4 October according to the implementation by Lathiére et al. (2006) with the red and dark
blue line showing the emission and canopy-top flux, respectively. The zero fluxes during the
night of 3—4 October indicate the passage of the column over lake Brokopondo. The black line
shows the simulated canopy-top flux for the compensation point approach implemented in the
SCM with a maximum flux for 3 October of about 4.2x10'® moleculesm™2s™" comparable to
the observed emission flux. The orange triangles show the simulated canopy top fluxes for the
compensation point approach and an enhanced nocturnal removal efficiency using an R,,; of

100sm™".
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Fig. 4. Simulated CH;OH and acetone mixing ratios (ppbv) for 3—4 October over land for the
compensation point approach with the thick red, grey and black line showing the mixing ratios
in the SL, at ~440m and around the top of the CBL, respectively. The blue line in Fig. 4a
shows the simulated SL mixing ratio of CH;OH for an enhanced nocturnal removal efficiency

using R, =100sm™".
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Fig. 5. Simulated and observed NO mixing ratio (pptv) profiles over the ocean from about
440-2500 m altitude, on 2 October 14:00-17:00 UT (a) and over land, 17:00-20:00 UT for 3—4
October (b) also including the mixing ratios below 440 m including the canopy mixing ratios
which actually reach a maximum up to ~200 pptv in the canopy-soil layer.
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Fig. 6. Simulated and observed NO,, photolysis rates (103 s'1) profiles over the ocean (a) and
over land (b) up to 2500 m altitude. The observations reflect the average and standard devi-
ation of the 14:00-17:00 UT observations whereas the simulated profiles reflect the 15:00 UT

(12:00 LT) profile.
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Fig. 7. Simulated soil NO (blue) and canopy-top NO, flux (red) (10" molecules m™2s™"), indi-
cating the fraction of the soil NO emissions that is actually released to the atmosphere. The
zero fluxes during the night of 3—4 October indicate the passage of the column over lake Broko-
pondo. Also shown are soil NO emission fluxes (black) based on laboratory measurements of
the emissions from Suriname forest soil samples constrained with the simulated soil tempera-
ture and moisture.
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Fig. 8. Simulated and observed O; mixing ratio (ppbv) profiles over the ocean from about 440—
2500 m altitude, on 2nd October 14:00—-17:00 UT (a), and over land, 17:00-20:00 UT for 3 and
4 October (b) also including the mixing ratios below 440 m.
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Fig. 9. Simulated surface layer net- and process tendencies (ppbv h'1) that control the per-
turbations in surface layer O5 mixing ratios from 2—4 October. “turb” refers to the turbulent
transport tendency, “dry dep” to dry deposition tendency, which equals zero over land since
there the dry deposition acts upon the in-canopy and not the surface layer concentrations, and
“chem” refers to the chemical production/destruction tendency.

11955

ACPD
8, 11909-11965, 2008

Reactive Trace Gas
exchanges over
Guyanas tropical
forest

L. Ganzeveld et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

chem. tend.
= 251 ——Ho2+No
£, C23+NO
3 X02+NO
2 15 ——isoP+03
£ | | —H20+01D
<
©
4 051
©
) L5 o
g 0 A\
Ny
= .05 |

-1
02:00 02:12 03:00 03:12 04:00 04:12
Time [dd:hh]

Fig. 10. Simulated O5 surface layer chemical tendency and the different production and de-
struction terms (ppbv h‘1) from 2—4 October. Only the reactions with a tendency >5% of the
difference between the minimum and maximum net chemical tendency are shown. C23 in the
legend refers to peroxy acetyl radical (CH;C(O)OO) whereas XO2 represents the NO to NO,
operator in the chemistry scheme.
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Fig. 11. Comparison of isoprene emission flux (mg CsHg m~2 h'1) simulated with the Guenther
et al. (1995) (G95) and the MEGAN algorithm for 3—4 October.

11957

ACPD
8, 11909-11965, 2008

Reactive Trace Gas
exchanges over
Guyanas tropical
forest

L. Ganzeveld et al.



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

2500 1
- & 17-20UT

2000 & SCM, 3-10
_ —o—SCM, 4-10
E 1500 ————
o S
o N
2 -
£ 1000 - =
< ———

500 - ,—‘—|Q &
"
0 ; ; - Oﬁ —

0.0 1.0 2.0 3.0 4.0

5.0 6.0 7.0

CsHg [ppbv]

Fig. 12. Simulated and observed CsHg mixing ratio (ppbv) profiles over land, 17:00-20:00 UT
for 3—4 October also including the simulated mixing ratios below the observational domain.

11958

ACPD
8, 11909-11965, 2008

Reactive Trace Gas
exchanges over
Guyanas tropical

forest

L. Ganzeveld et al.



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

—SL  —440m
4,
3 4
>
Q
g %]
2
3 '] _—
© 0 \\/, ; ; /]
. \Vg
-2
03:06 03:12 03:18 04:00 04:06 04:12
Time [dd:hh]

Fig. 13. Difference in C5Hg mixing ratios (ppbv) in the surface layer (SL) and the middle of
the PBL (~440 m) for the same integrated emission fluxes simulated with the G95 and MEGAN

implementation in the SCM.
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Fig. 14. Simulated and observed MVK+MACR mixing ratio (ppbv) profiles over land, 17:00-
20:00 UT for 3—4 October also including the simulated mixing ratios below the observational

domain.
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Fig. 15. Simulated and observed HCHO mixing ratio (ppbv) profiles over land, 17:00-20:00 UT
for 3—4 October also including the simulated mixing ratios below the observational domain.
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Fig. 16. Simulated HCHO mixing ratios (ppbv) over land on 3—4 October, up to 1500m. The
black dashed line denotes the diagnostic PBL height.

11962

ACPD
8, 11909-11965, 2008

Reactive Trace Gas
exchanges over
Guyanas tropical
forest

L. Ganzeveld et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

2500
2000 -
E. 1500 o * £
) e ()
o g °
= 2
= 10001 . =
= o +—eo—— ¢ 17-20UTC £
| ¢ SCM, 3-10
500 ;.Q“_ ——— —¢ SCM, 4-10
0 . ! ! ! :
0.0 3.0 6.0 9.0 12.0 15.0
OH [1e6 molec. cm-3]
Fig. 17.

108 moleculescm™

cluding concentrations below 440 m.

2500 -

2000 -

1500 -

1000 -

500 -

0

11963

& 17-20UTC
¢ SCM, 3-10
—oSCM, 4-10

e D —

0.0

3.0 6.0 9.0 12.0 15.0
HO2 [1e8 molec. cm-3]

Simulated and observed OH (a) and HO, (b) concentration (106 and
, respectively) profiles over land, 17:00-20:00 UT for 3—4 October also in-

ACPD
8, 11909-11965, 2008

Reactive Trace Gas
exchanges over
Guyanas tropical
forest

L. Ganzeveld et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/11909/2008/acpd-8-11909-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

300 05
Rg
250 { ——LE 04
200 — - LE, modified
= A Bowenratio 0.3
E 150 4 A Bowen ratio, modfied
% 0.2
o 100
j=2}
ox 0.1
50
0 : r 0
A
50 0.1
06:00 07:00 0800  09:00 10:00  11:00
Time [h:mm]

Fig. 18. Simulated surface net radiation (R,, yellow), latent heat flux (LE, blue) and Bowen
ratio (blue triangles) for the default run and LE (red dashed) and Bowen ratio (red triangles) for

Bowen ratio [-]

modified simulation to assess the duration of the early morning transition.
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Fig. 19. Simulated and observed C;Hg (a) MVK+MACR (b) and HCHO (c) mixing ratio profiles
over land, 17:00—20:00 UT for 3 October, showing the simulated mixing ratios for the default

L19 and the L60 model resolution.
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