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Abstract. We present a comparison of different Lagrangian
and chemical box model calculations with measurement data
obtained during the GABRIEL campaign over the tropical
Atlantic Ocean and the Amazon rainforest in the Guyanas,
October 2005. Lagrangian modelling of boundary layer
(BL) air constrained by measurements is used to derive
a horizontal gradient (≈5.6 pmol/mol km−1) of CO from
the ocean to the rainforest (east to west). This is signifi-
cantly smaller than that derived from the measurements (16–
48 pmol/mol km−1), indicating that photochemical produc-
tion from organic precursors alone cannot explain the ob-
served strong gradient. It appears that HCHO is overesti-
mated by the Lagrangian and chemical box models, which
include dry deposition but not exchange with the free tropo-
sphere (FT). The relatively short lifetime of HCHO implies
substantial BL-FT exchange. The mixing-in of FT air af-
fected by African and South American biomass burning at an
estimated rate of 0.12 h−1 increases the CO and decreases the
HCHO mixing ratios, improving agreement with measure-
ments. A mean deposition velocity of 1.35 cm/s for H2O2
over the ocean as well as over the rainforest is deduced as-
suming BL-FT exchange adequate to the results for CO. The
measured increase of the organic peroxides from the ocean
to the rainforest (≈0.66 nmol/mol d−1) is significantly over-
estimated by the Lagrangian model, even when using high
values for the deposition velocity and the entrainment rate.
Our results point at either heterogeneous loss of organic per-
oxides and/or their radical precursors, underestimated pho-
todissociation or missing reaction paths of peroxy radicals
not forming peroxides in isoprene chemistry. We calculate a
mean integrated daytime net ozone production (NOP) in the
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BL of (0.2±5.9) nmol/mol (ocean) and (2.4±2.1) nmol/mol
(rainforest). The NOP strongly correlates with NO and has a
positive tendency in the boundary layer over the rainforest.

1 Introduction

Despite the relatively small coverage of less than about
8% of the global land surface by tropical rainforests (areas
classified as evergreen broadleef forests in Loveland et al.,
2000), these regions are known to be a major global source
of reactive trace gases, primarily through vegetation emis-
sions, partly because of the diverse and opulent flora and
also because biogenic emissions are generally stimulated
by high temperatures and/or irradiation intensity (see e.g.
Kesselmeier and Staudt, 1999; Padhy and Varshney, 2005;
Carvalho et al., 2005). These trace gases have a strong im-
pact on the atmospheric oxidation capacity (e.g. Fehsenfeld
et al., 1992). The Amazon basin including the Guyanas com-
prises the largest rainforest ecosystem worldwide. Although
the region is perturbed by deforestation and burning, espe-
cially the Guyanas offer opportunities for atmospheric re-
search in a relatively pristine environment. The Guyanas do
not have a pronounced biomass burning season, and fresh
(<2 d) air pollution is rarely encountered. However, long-
range transport of biomass burning pollution predominantly
from Africa but also from South America, as well as of an-
thropogenic pollution from the Northern Hemisphere into
the FT above the Guyanas has been reported to occur fre-
quently (Peters et al., 2004). The region of the Guyanas (see
Fig. 1) is characterised by low-level north-easterly and east-
southeasterly trade winds, respectively, during both dry sea-
sons from February to March and from August to November.
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Fig. 1. Operations area (black dashed rectangle) of the Learjet 35A
during the GABRIEL campaign. The flight track of flight G04 is
indicated by a black line. The north-south flight legs are (from east
to west) the segments G04a, G04b and G04c. The map shows part
of the Guyana Highlands (in the west and south) and the coastal
plains of Guyana, Suriname and French Guyana. The track of flight
G07 is close to that of G04.

Therefore strong horizontal trace gas gradients can develop
due to the build-up of biogenic emissions and oxidation prod-
ucts from the forest. To assess the atmospheric fate of a trace
gas, the ratios of its various chemical and physical lifetimes
can be used, defined as the concentration divided by the re-
spective loss rate (see e.g. Finlayson-Pitts and Pitts, 2000).

In this context, chemical box models as well as 1-D mod-
els have proven to be successful numerical tools to evalu-
ate the relative importance of different chemical or physical
processes influencing trace gas mixing ratios (e.g. Ganzeveld
et al., 2006a,b; Stickler et al., 2006). However, when compar-
ing box model results with measurement data it is important
to ensure that some basic implicit assumptions are fulfilled:
a) the air has to be well mixed, and b) the amount of mixing-
in of air with known properties from the surrounding area as
well as possible physical sinks of trace gases like deposition
have to be known. The simplest case is one without exchange
and deposition, which is assumed to be true e.g. in free tro-
pospheric “steady state” calculations of radical species and
sometimes also for longer-lived species. In the planetary
boundary layer (BL) on the other hand, dry deposition cannot
be neglected for many trace gases (e.g. HNO3, HCHO and
peroxides) if there exists a thermally unstable stratification
or wind shear leading to turbulent transport towards the sur-
face at a timescale shorter than their chemical lifetime. Con-
versely, these turbulent motions are a necessary prerequisite
for the required homogeneity inside the studied “box” of air.
In the case of relatively undisturbed conditions, the tropical

BL can be expected to be best mixed from the late morning
to the early evening. Its well-mixed state is characterised by
a nearly constant potential temperature and wind speed pro-
file (e.g. Holton, 1992). Under these circumstances, if only
entrainment from the FT or deposition is unknown, it can in
principle be estimated from a numerical simulation with the
other parameters fixed to measured values.

Entrainment of air from the FT into the BL, defined as
the exchange rate of BL air by FT air, is determined by two
processes: a) small-scale turbulent as well as larger-scale
convective mixing-in of FT air into the BL and b) chang-
ing height of the well mixed part of the BL (e.g. Seinfeld
and Pandis, 1998). The first two processes, like the dry
deposition, depend on the vertical stability of the air mass
governed by the vertical temperature gradient and the ver-
tical wind shear. Regarding the second process, when the
BL height increases, mass conservation requires a mass flux
from above, while a descending mixed layer height does not
directly change the mixing ratios of trace gases within the
BL.

Dry deposition on the other hand is determined, besides
the BL vertical stability, by the chemical properties of the
species and finally by the nature of the surface itself. For
gases, chemical reactivity and solubility affect the uptake at
the surface. The dry deposition velocityvd is a generally
altitude dependent measure for dry deposition and, by multi-
plying with the concentration of the species, gives the depo-
sition flux. As a consequence, the complex deposition pro-
cesses can be condensed into a single parameter, suitable e.g.
for a box model. In explicit calculations, like the ones made
with the 1-D Single Column Model (SCM) whose output has
also been used in this study, dry deposition is represented ex-
plicitly by a) the transport to the surface layer, b) molecular
transport through this layer to the surface and c) uptake at the
surface.

Section 2 presents a brief mission description and sum-
marises the measurements carried out to obtain the data
set used in this study. Section 3 describes the box model
used to analyse the data and the boundary conditions for
the Lagrangian and “steady state” mode as derived from the
measurements and a 1-D SCM. Section 4 presents results
of different model runs, compares these with the trace gas
measurements and interprets the data set. The influences
of chemistry, transport and dry deposition for CO, HCHO,
H2O2 and organic peroxide are investigated for typical “low
NOx” (approx. <20–25 pmol/mol, no direct influence by
biomass burning) boundary layer conditions over the tropi-
cal Atlantic Ocean and the rainforest of the Guyanas during
the long dry season.

2 Mission description

The GABRIEL campaign in October 2005 was a follow-
up of the 1998 LBA-CLAIRE experiment, investigating the
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Table 1. Synopsis of flights performed during the GABRIEL campaign. Flight Pattern: G=General Flight Pattern (ascent up to an altitude of
about 6.5 to 8 km a.s.l., descent into the BL (≈300–500 m a.s.l.), alternating legs in the BL and the FT up to an altitude of about 3 to 3.5 km,
and ascent to relatively higher levels above 5 to 6 km before landing); 3A=3rd ascent in the middle of the flight; C=only 1 transit from BL to
FT in the middle of the flight, high ascent up to 11 km a.s.l.; MT=longer stay in middle troposphere, only 1 short dive into BL.

Flight Date Time of Day Subregion Vertical Flight Pattern Objective

G01 3 Oct 2005 Afternoon East G E-W transect
G02 5 Oct 2005 Noon East G E-W transect
G03 6 Oct 2005 Afternoon East G E-W transect
G04 7 Oct 2005 Noon East G + 3A N-S transects at different longitudes
G05 8 Oct 2005 Noon Centre G N-S transects at different longitudes
G06 10 Oct 2005 Afternoon East G E-W transect
G07 11 Oct 2005 Morning East G + 3A N-S transects at different longitudes
G08 12 Oct 2005 Afternoon Centre C N-S transects, convective outflow, coastal emissions
G09 13 Oct 2005 Afternoon West MT N-S transects at different longitudes
G10 15 Oct 2005 Morning Centre G N-S transects at different longitudes

Table 2. Synopsis of measured species during the GABRIEL campaign.

Species Measurement technique DL [nmol/mol] Precision Accuracy Systematic error [%]

CO TDLAS 0.2 2.5%
HCHO TDLAS 0.25 25% 26.9%
H2O2 derivatisation + fluorimetry 0.029 9.7% 14.8% <+25–30
ROOH derivatisation + fluorimetry <0.029 <9.7% 25.9%
OH LIF 0.00002 0.000035 pmol/mol 40% (56%)
HO2 LIF 0.00007 0.0005 pmol/mol 60%
NO chemiluminescence 0.005 12%
O3 chemiluminescence 2 2%
J (NO2) filter radiometer 1% 10%
CH3OH PTR-MS 0.269 39% 5–10% (excl. prec.)
CH3CN PTR-MS 0.068 20% 5–10% (excl. prec.)
CH3C(O)CH3 PTR-MS 0.094 17% 5–10% (excl. prec.)
isoprene PTR-MS 0.099 7% 5–10% (excl. prec.)
MVK PTR-MS 0.093 12% 5–10% (excl. prec.)
H2O LI-COR 200 000 5%
CO2 LI-COR 0.3µmol/mol

biosphere-atmosphere exchange of natural trace gases and
quantifying chemical processes in the atmosphere above the
tropical forest. Additionally, aerosol properties over the rain
forest and long-range transport of biomass smoke and min-
eral dust were studied. The payload of the aircraft, a Learjet
35A of the Gesellschaft für Flugzieldarstellung (GFD, Hohn,
Germany) based at Johann A. Pengel International Airport
at Zanderij (see Fig. 1), was extended compared to LBA-
CLAIRE, e.g. with additional in situ peroxide (H2O2 and
organic peroxide), HCHO, and the first reported HOx mea-
surements over the tropical rainforest. The extended payload
was especially designed to allow for more detailed and bet-
ter constrained studies particularly of the chemical processes
connected to the oxidative capacity of the tropical tropo-
sphere. Flights were conducted in a region from 3◦ N 59◦ W

to 6◦ N 51◦ W over the tropical Atlantic Ocean, mainly north-
east of French Guyana, as well as over continental regions of
Guyana, Suriname and French Guyana, all mostly covered
by tropical rainforest. The flight patterns were designed to
allow for sampling both in the BL and in the FT. A summary
of the flights can be found in Table 1. A synopsis of the mea-
surements including measured parameters, precisions and ac-
curacies is listed in Table 21.

1A detailed discussion of the measurements can be found in a
joint overview paper by Lelieveld et al. and Martinez et al., Atmos.
Chem. Phys. Discuss., in preparation, 2007.
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Table 3. Mixing ratios of the species kept fixed in the box model runs. Data from the ESRL Global Monitoring Division comprise measure-
ments from the “Atlantic Ocean Cruise” at 5◦ N (autumn 2005), see http://www.cmdl.noaa.gov and http://www.cmdl.noaa.gov/ccgg/iadv/).
For the LBA-CLAIRE98 measurements of IMAU, median values within the altitude range 0–1 km a.s.l. were calculated.

Species Mixing ratio Reference

CO2 377µmol/mol NOAA CMDL Global Trends, ESRL Global Monitoring Division
CH4 1760 nmol/mol NOAA CMDL Global Trends, ESRL Global Monitoring Division
H2 563 nmol/mol Schmidt (1974, 1978)
C2H6 794 pmol/mol LBA-CLAIRE98, IMAU (Univ. Utrecht, The Netherlands)
C3H8 83 pmol/mol LBA-CLAIRE98, IMAU (Univ. Utrecht, The Netherlands)
n-butane + iso-butane 28 pmol/mol LBA-CLAIRE98, IMAU (Univ. Utrecht, The Netherlands)
C3H6 84 pmol/mol LBA-CLAIRE98, IMAU (Univ. Utrecht, The Netherlands)
C2H4 650 pmol/mol 305 m a.s.l., GTE ABLE 2A, Manaus (Brazil) (Zimmerman et al., 1988)

3 Box model

3.1 Model description

The box model is based on a version previously used to de-
termine the influence of summertime deep convection on the
formaldehyde budget over Europe by Stickler et al. (2006)
and Stickler (2006). It contains the MECCA v0.1p chemical
mechanism (Sander et al., 2005) with a maximum number of
116 species and 295 reactions in the gas phase. 110 gas phase
reactions and 34 photolysis reactions are explicitly simulated
with up-to-date kinetic data in the “troposphere, gas phase,
no sulfur, no halogens” mode. The list of reactions can be
found in the electronic supplement of Sander et al. (2005),
whereby the mode mentioned corresponds to all reactions
with the labels Tr and G except the ones also labeled with
Cl, F, Br, I or S. Heterogeneous and aqueous phase reactions
are not included in the present study.

J -values were calculated with a radiative transfer
model (TUV v4.1, Tropospheric Ultraviolet-Visible Model,
Madronich and Flocke, 1998) which includes a parameter-
isation for aerosol (total aerosol optical densityOD=0.34
at λ=340 nm). The total ozone column used to scale the
ozone profile in the radiative transfer model was fixed to
7.1285×1018 cm−2 (≡265 DU). Otherwise the TUV settings
have been left unchanged compared to Stickler et al. (2006).
From measured and modelledJ (NO2) a cloud correction fac-
tor (CCF), to compensate for cloud and aerosol effects, could
be calculated, which was then applied to the model results.
Here we use different model runs to calculate CO, HCHO,
H2O2 and organic peroxide mixing ratios. The remainder of
the measured species is constrained by the measurements as
described below. All other species are held constant (see next
section).

3.2 Specific settings in the Lagrangian mode

The Lagrangian approach can be thought of as a box, not
necessarily closed with respect to mass, being traced along

a trajectory and applying constraints based on measurements
(e.g. prescribed trace gas mixing ratios and fluxes, radiation
etc.). For the Lagrangian calculation of CO, HCHO and per-
oxide mixing ratios, the mixing ratios of the long-lived and
medium-lived species CO2, CH4, H2 as well as alkanes and
alkenes were set to fixed values. Since alkanes and alkenes
except isoprene were not measured the respective mixing ra-
tios were estimated based on GC-FID measurement results of
the Institute of Marine and Atmospheric Research (IMAU) at
the University of Utrecht (The Netherlands) obtained during
the LBA-CLAIRE98 campaign for the short dry season and
in the same region. For C2H4 there was no measurement
data available for either campaign, so that BL data obtained
during GTE ABLE 2A near Manaus during the dry season
(northern hemispheric summer) was assumed to be represen-
tative. A summary of all fixed species can be found in Ta-
ble 3. All values listed there were set to be constant since
the sensitivity of the species examined in the present study
towards alkanes and alkenes was found to be minor or in-
termediate (see e.g. Stickler et al., 2006, and Appendix B).
The above mentioned settings were also used for the “steady
state” mode of the box model described in Sect. 3.3.

For CO, HCHO, H2O2, organic peroxide, NO, acetone,
methanol, isoprene, MVK, H2O, O3, OH and HO2 longitu-
dinal gradients of the median mixing ratios with a resolu-
tion of 1◦ were derived for the whole data set in the alti-
tude range 0–1 km a.s.l. (see e.g. Figs. 2 to 5). In the case
of HCHO, the peroxides, NO and HOx diurnal cycles in
time steps of 5000 s, beginning at≈06:55 LT and ending at
16:40 LT, were additionally inferred from the measurements.
With the exception of NO, OH and HO2, these diurnal cycles
were then “closed” by linearly interpolating the mixing ra-
tios through the nighttime. These three compounds were set
to 0 before sunrise (06:00 LT) and after sunset (18:00 LT) to
reflect their low nighttime concentration. Diurnal cycles of
isoprene, MVK and the photolysis rates were constructed by
assuming a proportionality to the sine of the solar elevation
angle. The median mixing ratios in the easternmost longitude
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Fig. 2. Longitude profile of the CO median mixing ratio in the al-
titude range 0–1 km a.s.l.; red bar denotes the median; the lower
and upper boundary of the red box mark the 25% and 75% per-
centiles, the bottom and top whisker the 10% and 90% percentiles.
The dotted black line separates the longitudinal range dominated by
BL measurements over the ocean in the east from BL measurements
taken predominantly over land in the west.

Fig. 3. Longitude profile of the O3 median mixing ratio in the alti-
tude range 0–1 km a.s.l.; as Fig. 2.

bin centred at 51.5◦ W were defined as start values (t=0) for
the Lagrangian mode. In the case of species subject to di-
urnal cycles, the solar dependency was combined with the
longitude gradient. Starting with the median mixing ratio
of the easternmost bin, the air parcel was assumed to travel
westward with the measured mean velocity of 5.6 m/s at 0–
1 km a.s.l. (measured mean wind direction:(95±48)◦). Thus
it takes 330 min to cross 1◦ longitude, approximately equiv-
alent to 60 nm≈111 km, close to the equator, and a distance
of ≈4.36◦ or 484 km is covered in 24 h. From the starting
value of the mixing ratio and the local time, the maximum
of the diurnal cycle was calculated. The latter was then up-
dated along the trajectory by adding the integrated horizontal
gradient of the species over the covered distance. Whenever
this combination led to negative values, mainly due to either
a strong diurnal cycle (HCHO, HO2) or a negative longitude
gradient (H2O2), the resulting mixing ratios were set to zero.
For the long-lived trace gases without a diurnal cycle the in-
tegrated horizontal gradient was directly added to the starting
value of the mixing ratio. The model run was stopped after
having traversed a distance of 6◦ in 33 h.

Fig. 4. Longitude profile of the HCHO median mixing ratio in the
altitude range 0–1 km a.s.l.; as Fig. 2.

Fig. 5. Longitude profile of the total organic peroxide median mix-
ing ratio in the altitude range 0–1 km a.s.l.; as Fig. 2.

At the starting point in the centre of the ocean bin
(51.5◦ W) the organic peroxides were assumed to consist
solely of CH3OOH. At the centre points of the bins lo-
cated further westward over the continent, 60% of the
organic peroxide was assumed to be methyl hydroperox-
ide while the rest was equally distributed over peroxides
formed during isoprene oxidation (lumped species ISOOH
in MECCA v0.1p) and peroxides formed during MVK oxi-
dation (lumped species MVKOOH). This ensures that the di-
urnal mean of the CH3OOH mixing ratio stays roughly con-
stant along the trajectory. In the boundary layer above the
rainforest isoprene and its oxidation product MVK are ex-
pected to be the major contributors to RO2 and organic per-
oxide formation due to their high reactivity and abundance.
Sensitivity runs were done with altered partitioning of these
3 peroxides. The mixing ratios of all other organic peroxides
in the chemical mechanism were consistently set to zero.

Organic nitrates, nitrooxy acetaldehyde (NACA, formed in
the model reaction of nitrates from isoprene with OH), HNO3
and HNO4 were set to zero in the reference run, too, consid-
ering their negligible influence on HCHO (the latter being
an ideal indicator for photochemical degradation of VOCs).
HNO3 is only marginally relevant as a source of NO3 in
the model. Nevertheless, several sensitivity runs, including

www.atmos-chem-phys.net/7/3933/2007/ Atmos. Chem. Phys., 7, 3933–3956, 2007



3938 A. Stickler et al.: Chemistry, transport and dry deposition of trace gases during GABRIEL

one with freely calculated NOz≡NOy–NOx, were done for
CO to test this hypothesis for the conditions of GABRIEL
(Appendix B). Finally, organic acids, not measured during
GABRIEL, were neglected in the reference run. This as-
sumption was again checked in the sensitivity study. The
mean measured temperature and pressure used for the La-
grangian model runs are 25.9◦C and 966 hPa, respectively.

The remainder of the trace gases and the species studied
were freely calculated and recorded every 5 min. Contrary to
Stickler et al. (2006), this includes PAN and MPAN (perox-
ymethacryloyl nitrate) because of their much shorter chemi-
cal lifetime (about 50 min at 25◦C; Finlayson-Pitts and Pitts,
2000) compared to the upper troposphere.

Each complete model simulation consisted of 57 single
model runs with slightly changed initial conditions follow-
ing the “equivalent longitude” concept introduced in Stickler
et al. (2006), accounting for non-linear effects of photochem-
istry associated with the variance of the sampling time:

loneq. = (local time− model time)·
360◦

24·3600 s
+1loneq. (1)

where

1loneq.=k·1.25◦

and

k = −σ(local time)·
360

24·3600 s
·1.25, . . . ,+σ . . .

For this study, the equivalent longitude was calculated as
(12.4±k·1.25)◦, k=0...28, reflecting the 1σ empirical stan-
dard deviation of the local time for all flight data below 1 km
altitude in the pure ocean bin between 51◦ W and 52◦ W.
This corresponds to a mean local time of about 12:50 LT. As
no clear longitudinal gradient of the radiation measurements
could be detected, this time was allocated to the arithmetic
mean of allJ (NO2) values measured below 1 km. The diur-
nal cycle of theJ -values was then calculated as in Stickler
et al. (2006), using

|43 200 s− local time|=35 411 s (2)

and a mean latitude of 4.672◦ for the calculation of the diur-
nal maximum, and assuming a proportionality with the sine
of the solar elevation angle. To be able to interpret the model
results, arithmetic means of the 57 values of the examined
variables computed at a model time of 24 h were calculated.
This procedure optimises the comparability of the model re-
sults and the measurements.

3.3 Specific settings in the “steady state” mode

In the case of HCHO and H2O2 (only over the ocean) the box
model was also used in a “steady state” mode allowing for
the assessment of the chemical equilibrium of shorter lived
species like HCHO, and for the investigation of H2O2 dry

deposition in the relatively aged air masses arriving from the
east over the ocean.

For this purpose 6 segments from the 2 flights (G04 and
G07) over the ocean and the continental region in the eastern
part of the operating area (see Fig. 1) were selected. These
2 flights offered the advantage that each included 3 BL flight
legs, one above the ocean and two above the rainforest, and
the flight paths were nearly identical. The flight legs were
termed “Gxxa”, “Gxxb” and “Gxxc” with the flight number
xx and a, b, c for the eastern (ocean), middle (rainforest) and
western (rainforest) flight leg.

For each case the mean equivalent longitude, Eq. (2) and
the parameterk were evaluated. As the studied flight seg-
ments were quite short, generally about 15 min, the absolute
value ofk was always less than 3, equivalent to a variation
of ±15 min in local time. Accordingly, the variation of the
initial boundary conditions could be turned down since no
significant nonlinear averaging effects are expected (see dis-
cussion in Stickler et al., 2006).

Mean values of static air pressure, temperature, latitude
and the photolysis rates were calculated for each case. Ad-
ditionally, the average mixing ratios of the measured trace
gases were evaluated for the respective time periods. By vi-
sual inspection of all time series, single pollution “plumes”
were ruled out. There was only one event during flight G07
when NO volume mixing ratios showed a strong rise and sev-
eral peaks over the ocean for at least 15 min without a cor-
responding signal in CO or other species. This part of the
measurements has been excluded from the present study. In
the case of NO median instead of mean mixing ratios were
implemented because sharp peaks in the NO data do not ad-
equately represent the chemical conditions above the ocean
and the rainforest environment, typically poor in NOx, and
would lead to an artificial overestimation of HCHO due to
the strong sensitivity of this compound towards NO (Stickler
et al., 2006).

In the case of H2O there was no data available for flight
G07 so that the mixing ratios were assumed to be the same
in the eastern, middle and western part of the longitudinal
transects as during flight G04. This assumption does not sig-
nificantly influence the results of the study as H2O does not
play a major role for the chemistry in the box model when
OH and HO2 are constrained by measurements. Radiation
measurements were not available for G07c so that photolysis
rates were assumed to be the same as in case G07b. Since
methanol, acetone and isoprene were not measured during
G07c, it was assumed that

xs(G07b)

xs(G07c)
=

xs(G04b)

xs(G04c)
(3)

with the mixing ratiox of the speciess involved. This seems
reasonable because segments G04b and G04c are located in
the same region as G07b and G07c, respectively. Finally,
for flight G07 only total peroxide data is available. From
this data and the BL ratio of the medians H2O2/org. peroxide
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resolved in longitudinal bins of 1◦ for the whole campaign
data, the values were inferred assuming these ratios were also
valid during flight G07. The organic peroxides were subdi-
vided into CH3OOH, ISOOH and MVKOOH by assuming
measured organic peroxide over the ocean to consist only of
CH3OOH and keeping its mixing ratio constant over land,
similar with the procedure for the Lagrangian mode. As in
the Lagrangian case sensitivity runs were done with altered
partitioning. For isoprene, MVK, Cl, OH and HO2 diur-
nal cycles identical to the ones described for the Lagrangian
mode were prescribed. The one for NO was changed for the
oceanic segments such that the morning peak in the median
of all BL data of about 50 pmol/mol was filtered out, since
this peak is a typical feature produced by the lifting of the
BL over land and the photolysis of NO2 having accumulated
during nighttime. The concentrations of all other measured
species were kept constant. The model run was stopped af-
ter the daily change of HCHO had reached less than 0.01%
(≈30–50 days in the case of HCHO).

3.4 Determination of the BL height

For all model runs explicitly including the effect of dry depo-
sition it was necessary to obtain an estimate of the BL height.
These include the “steady state” and Lagrangian calculations
of HCHO, the runs for the assessment of the H2O2 dry depo-
sition velocity and the Lagrangian run calculating the time
development of the organic peroxides along the examined
trajectory.

This estimate is based on the diagnostic BL height from
simulations with a single-column model (SCM) version of
the global 3-D chemistry-climate model ECHAM4 (Roeck-
ner et al., 1996, 1999; Ganzeveld et al., 2002, 2006a,b). The
1-D SCM has also been applied to study the BL chemistry
during the GABRIEL campaign in greater detail2. The tra-
jectory of the SCM starting at 45◦ W 4.5◦ N shows that the
BL height over the ocean is roughly constant over time so
that a fixed value of 570 m (mean BL height for 50–51◦ W)
was chosen. As expected, above land the model results show
a strong diurnal variation with a minimum BL height dur-
ing nighttime (≈60–120 m) and a maximum during daytime
(≈1100 m). Consequently, a diurnal cycle was derived by
fitting a 3rd order polynomial to the data. According to
these results the BL height over land exceeded 500 m be-
tween 08:45 LT and 18:15 LT.

In the 6 cases described above, the flight altitudes in the
BL were about: 330 m (G04a), 500–510 m (G04b), 385–
660 m (G04c), 325 m (G07a), 375–490 m (G07b) and 380–
485 m (G07c). Flight G04 was conducted in the early af-
ternoon at a time of the day when the BL height is pre-
dicted to be at maximum. In contrast, flight G07 was per-
formed in the morning hours. The earliest local time dur-

2Ganzeveld et al.: Atmos. Chem. Phys. Discuss., in preparation,
2007.

ing the measurements between 0–1 km a.s.l. over land is
(08:55 LT±5 min). The aircraft was therefore clearly located
in the BL during flight G04 when flying the segments exam-
ined with the “steady state” model, while for flight G07 it
cannot be ruled out that the aircraft was situated just above
the growing BL and inside the residual BL. Nevertheless, low
ozone mixing ratios of<15 nmol/mol, similar to the ones
measured in the marine BL on the same day compared to
27–50 nmol/mol and higher at≈1–3 km a.s.l. argue against
this. Additionally, sharp peaks in the CO data in the range
2–3 km point towards a relatively strong inversion layer and
the NO data shows generally enhanced mixing ratios with
peaks up to 290 (G07b) and 150 pmol/mol (G07c), respec-
tively. Finally, the flight altitude is referenced to the sea and
not the land surface so that it is an upper limit of the altitude
above ground. Hence, from the synopsis of all information
available it appears likely that these measurements were also
taken in the BL. For the Lagrangian studies using all flight
data, the largest part of the data in the altitude range 0–1 km
were taken in the BL as 80% of the flights took place at noon
or in the afternoon before sunset.

3.5 HCHO deposition velocity

To test the representation of the organic chemistry and to
cross-check the box model results for CO (see Sect. 4),
“steady state” and Lagrangian model runs for HCHO were
performed. In the BL dry deposition has to be included for
HCHO, even though its chemical lifetime can be relatively
short depending on the solar radiation and the OH radical
concentration. The explicitly calculated dry deposition ve-
locity for a reference altitude of 34 m above ground from
the 1-D SCM was taken as best guess for this parameter, re-
sulting in a constant value ofvd(HCHO)≈0.36 cm/s above
the ocean and a diurnal cycle above the rainforest (minimum
0.05 cm/s, maximum 1.1 cm/s), derived as 3rd order polyno-
mial fit of the SCM data. The SCM includes the turbulent
transfer to the surface, molecular diffusion calculated explic-
itly from the SCM’s micrometeorology and uptake by leaf
stomata and other substrates including the soil, wet and dry
cuticula and oceans. The estimated uptake resistances are
based on solubility and reactivity of the trace gases.

3.6 Halogen chemistry

In the oceanic segments of the “steady state” model runs,
chlorine radical chemistry was included to test the sensitiv-
ity of formaldehyde formation to halogen chemistry in the
tropical marine BL. At Cl concentrations of 1×104 cm−3

the chemical lifetime of alkanes and alkynes towards this
species is similar as that towards OH radicals (1×106 cm−3)
(Finlayson-Pitts and Pitts, 2000). Results of measurements
and estimates of chlorine radical concentrations in the marine
BL of the tropics as well as the midlatitudes range two or-
ders of magnitude ((0.25...30)×104 cm−3, Singh et al., 1996;
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Wingenter et al., 1996; Lowe et al., 1999; von Glasow et al.,
2002; Chang et al., 2004; Platt et al., 2004). Therefore a Cl
concentration of 1×104 cm−3 was implemented in the refer-
ence run while additional sensitivity runs with the upper and
lower limits were performed.

The sensitivity of HCHO towards chlorine radicals was
found to be minor in the low range ((0.25...1)×104 cm−3)
whereas it gradually increases in the higher concentration
range(1...30)×104 cm−3). This is due to the facts that a) the
Cl chemistry of non-methane organic compounds (NMOCs)
except HCHO and CH3OOH is not included in MECCA
v0.1p, b) inclusion of Cl chemistry seems to have similar
effects on the production and the destruction terms of HCHO
and c) all measured species except HCHO are constrained
by the observations. Therefore, halogen chemistry was ne-
glected in the Lagrangian HCHO model run. Sensitivity runs
with different Cl concentrations up to 30×104 cm−3 over the
ocean revealed no significant dependence of hydrogen per-
oxide on halogen chemistry.

4 Results and discussion

We use measurements of CO, HCHO, H2O2 and organic per-
oxides to constrain parameterisations of three major physi-
cal and chemical processes: entrainment of FT air, dry de-
position, and VOC oxidation mechanisms. Because chem-
istry and deposition likely affect H2O2 and HCHO to a much
greater extent than CO, the latter trace gas is first used to
determine a consistent entrainment rate. Subsequently, that
entrainment rate is used to constrain estimates of the depo-
sition velocity of H2O2 and the chemistry affecting organic
peroxides.

4.1 Measured longitudinal gradients

The mixing ratios of several trace gases measured show lon-
gitudinal gradients between 0–1 km a.s.l. generally with an
increase from east to west, i.e. from the ocean to the rainfor-
est. Analysing longitudinal transects of the median mixing
ratios for the whole data set in the BL we find the following
tendencies:

– For CO (Fig. 2) a clear and significant east-
west increase is observed: values generally below
100 nmol/mol are found in the BL over the easternmost
ocean bin (50% of all measured values lie between 80
and 95 nmol/mol) while higher values were measured
over land (up to 115–130 nmol/mol in the western-
most bin). The horizontal CO gradient is nearly twice
as strong (30 (nmol/mol)/560 km≈54 pmol/mol km−1)
compared to LBA-CLAIRE98 (29 pmol/mol km−1;
Williams et al., 2001a).

– For O3 no unequivocal tendency was found for the
mean, but rather for the median mixing ratios (Fig. 3),

mainly due to low outliers in the westernmost bin
over the rainforest. The mixing ratios of this trace
gas are characterised by a relatively low median of
14 nmol/mol in the easternmost bin (ocean), whereas
significantly higher medians were found in the west
(up to 19.5 nmol/mol). A region that stands out for
O3 (and also NO and perhaps H2O2) is the coastal re-
gion of French Guyana (transitions from ocean to land
were generally located around 52◦ W) with a median of
18.5 nmol/mol and highly variable mixing ratios. The
fact that 10% of the data lie above 29 nmol/mol prob-
ably indicates an anthropogenic influence in this rela-
tively densely populated region compared to the practi-
cally uninhabited rainforest regions.

– Despite the relatively low precision of the measure-
ments of 25% at 1.0 nmol/mol, a significant tendency
can be seen for HCHO with median mixing ratios from
429 pmol/mol in the pure ocean bin to 1873 pmol/mol
in the westernmost bin over the rainforest (Fig. 4).

– Organic peroxides (Fig. 5) also show a distinct in-
crease of the median mixing ratio with lowest values
over the ocean (594 pmol/mol), steadily increasing to
1088 pmol/mol above the western rainforest area.

Median instead of mean values were used to filter sharp
peaks and outliers visible e.g. in the NO data as a result of
local sources of the trace gases, not considered in this study.

4.2 Determination of consistent model entrainment rates
over ocean and land for CO, HCHO and H2O2

Figure 6 shows the expected CO mixing ratios along the
trajectories, i.e. the mixing ratios obtained by superimpos-
ing the measured longitudinal gradients and diurnal cy-
cles as described in Sect. 3.2, and taking into account the
different starting times according to the varyingk values
(≈10:30–15:15 LT). The measured median CO mixing ra-
tio at 51.5◦ W, the starting mixing ratio for both the expected
and the modelled CO along the trajectories, is 85.6 nmol/mol.
The measured (and expected) mixing ratio at 55.86◦ W cor-
responding to 24 h transport time is 109.8 nmol/mol. In con-
trast to this the model results of the reference run give an
average of only 88.3 nmol/mol (Fig. 6).

While the expected difference of the starting and end-
ing mixing ratios is 1CO=24.2 nmol/mol, correspond-
ing to a longitudinal gradient of 50.0 pmol/mol km−1, the
model indicates only an increase of1CO=2.7 nmol/mol or
5.6 pmol/mol km−1 by chemical sources. Table 4 presents
the analysis of all three flights with available CO measure-
ments conducted towards the east in the BL over ocean
and rainforest. This analysis suggests longitudinal gradi-
ents of CO between 16–48 pmol/mol km−1, being variable
and rather smaller than the one derived from the median
of all flights, but still significantly larger than the value
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Table 4. Median measured CO longitudinal gradients during flights
G03, G04 and G07; the median at 55.86◦ W was derived by a linear
interpolation of the values at 55◦ W and 56◦ W.

Flight G03 G04 G07

Median CO 51.5◦ W [nmol/mol] 102.0 95.1 82.2
Median CO 55.86◦ W [nmol/mol] 109.7 110.7 105.6
1CO/1x [pmol/mol km−1] 16 32 48

5.6 pmol/mol km−1 predicted by the Lagrangian model with-
out FT entrainment and soil sources. As in the study by
Williams et al. (2001a) of measurements during the LBA-
CLAIRE campaign, the CO mixing ratios in the BL over
the ocean exhibit quite strong day-to-day variability (≈82–
102 nmol/mol), stronger than over the rainforest (105.6–
110.7 nmol/mol), and indicating changes in the composition
of air advected to the coast.

To make sure that the calculated gradient is not artificially
enhanced by these changing “background” conditions, we
searched for a near-Lagrangian case and found one between
different legs of flight G03 and G04. The measurements in
the easternmost part of the eastern boundary layer leg during
G03 (6 October 2005) and the western boundary layer leg
during G04 (7 October 2005) appear closest to a Lagrangian
event, with the projected position of the air mass analysed
during G03 about 100 km west of the flight track during G04.
For this case1CO≈7.7 nmol/mol in 22 h transport time cor-
responding to a gradient of 17.5 pmol/mol km−1, similar to
the smallest gradient calculated before. Again, it is signifi-
cantly larger than in the model, confirming the earlier results.

Provided that the chemistry in the mechanism is repre-
sented correctly these results imply that there must be other
sources significantly influencing CO. In principle these can
be a) direct emission of CO, e.g. by biomass burning or from
the soil, or b) mixing-in from above the BL of free tropo-
spheric air richer in CO or c) other chemical sources not in
the model could be present, e.g. terpenes/sesquiterpenes.

To ensure the robustness of our results with respect to
the chemistry a sensitivity study was conducted (see Ap-
pendix B). Allowing for the examined realistic variations
of the different chemical parameters, caused by measure-
ment errors and other uncertainties, we can conclude from
this analysis that the uncertainties connected to the measure-
ments/estimates of the different precursors of CO are not
large enough to explain the discrepancy between the mea-
sured and modelled longitudinal gradient.

4.2.1 Biomass burning and surface sources

ABBA (Automated Biomass Burning Algorithm) fire maps
prepared from GOES-12 satellite images of South Amer-
ica (Cooperative Institute for Meteorological Satellite Stud-

Fig. 6. Upper panel: Expected CO mixing ratios along the 57 dif-
ferent trajectories prescribed by the varyingk values; the variation
of the mixing ratio as a function of local time arises solely from the
measured longitudinal gradient, superimposed by the effect of the
different starting times of the trajectories. Lower panel: CO mix-
ing ratios calculated along the 57 different trajectories with the box
model (Lagrangian mode, reference run).

ies (CIMSS), http://cimss.ssec.wisc.edu/goes/burn/wfabba.
html) show no evidence of forest fires or significant biomass
burning directly in the region where the measurements took
place (Guyanas). Biomass burning was generally only de-
tected south or west of this region in deforested parts of
the Guyana Highlands in northern Brazil south of the Suri-
namese border, in the region of Boa Vista (Roraima, Brazil)
and especially in eastern Venezuela (region around Ciudad
Guayana). In these cases the wind direction in the BL pre-
cludes a possible influence of the fires on our measurements.
An exception is 15 October 2005 (flight G10) when fire ac-
tivity was observed along the coast of French Guyana and in
northern Guyana. Nevertheless, no influence of these fires
on the CO mixing ratio can be seen in the BL data obtained
over Suriname, i.e. in the form of enhanced volume mix-
ing ratios. On the contrary the mixing ratios measured over
the western part of Suriname are higher than the ones from
the eastern part of the country, being closer to the fires in
French Guyana, thus confirming the general east-west gradi-
ent. Visual observations of the operators on board the aircraft
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indicate only one fly by past a biomass burning plume over
French Guyana at 16:14 UTC on 7 October 2005 (G04), not
reflected in the CO data, and the crossing of a smoke plume
at about 16:20 UTC on 8 October 2005 (G05), matching a
sharp peak up to almost 160 nmol/mol.

In some occasions the BL CO mixing ratios (75–
135 nmol/mol, peaks during flights G05 and G08 up to
170 nmol/mol) were comparable or higher than the mixing
ratios in the FT. During flights G03, G04, G05 (only partly),
G07 and G08 significantly higher mixing ratios were de-
tected above the BL between 2–3 km altitude though (no
CO data is available for flight G06). During G03 a max-
imum CO mixing ratio was found at an altitude of 2500–
3000 m a.s.l. with maximum differences of≈6–20 nmol/mol
between BL and FT mixing ratios. Yet the average differ-
ence of the layers 0–1 and 1–3 km a.s.l. is only 1.6 nmol/mol
as the mixing ratio decreases again above this relatively
thin layer of enhanced CO. For G04 a much more ele-
vated mean difference of these layers of 18 nmol/mol was
found, whereas the enhancement, at least over the conti-
nent, was again concentrated in a thin layer at about 2500 m
a.s.l. CO data from G07 shows peaks up to 270 nmol/mol
at about 3 km altitude and data from G08 exhibits a maxi-
mum of approximately 140 nmol/mol at about 2 km altitude.
Fire maps (see also MODIS data on http://rapidfire.sci.gsfc.
nasa.gov/firemaps), trajectory (KNMI/ECMWF and NOAA,
http://www.arl.noaa.gov/ready/hysplit4.html) as well as 3-D
Chemistry Transport Model (CTM) calculations (MATCH-
MPIC; M. G. Lawrence, private communication) suggest
that these enhancements in CO could originate from biomass
burning in western or southern central Africa and partly
also in other parts of South America south of the Guyanas.
MODIS fire maps for this period show fires e.g. in eastern
Brazil, Mauretania/Mali and Congo/western and southern
Democratic Republic of Congo/Angola/Sambia. Chatfield
et al. (1998) have proposed a mechanism for the intercon-
tinental export of CO in the middle troposphere up to 5.5 km
altitude from Africa to South America based on deep mixing
from the BL up to altitudes of 2.5–5 km over Africa and loft-
ing over the monsoon inflow of the equatorial African coast,
termed the “Great African CO Plume”. They report a very
intense transport of CO along this pathway with alternate
phases of higher and lower mixing ratios travelling slowly
from east to west in October 1994. In that year the main
transport took place further south at about 5◦ S though.

Several authors have reported carbon monoxide fluxes
from different soil types. Sanhueza et al. (1994) re-
port measurements from nonperturbed savannah grasslands
in Venezuela obtained with an enclosed chamber tech-
nique, and find that this soil type is a net source of CO
(3.4×1010 cm−2 s−1). The same technique had already been
used by Conrad and Seiler (1985) for measurements in Spain,
South Africa and the Namibian desert. The maximum flux
derived was≈1.3×1011 cm−2 s−1 under midlatitude condi-
tions with dry, carbon-rich soil in Germany although the

study predicts probably even higher fluxes from warm and
carbon-rich soils as in the rainforests. Kirchhoff and Mar-
inho (1990) estimated a CO flux of 4×1011 cm−2 s−1 from
the Amazonian rainforest during the wet season by means
of vertical gradient measurements at a tower near Man-
aus. A comparable value for the mean emission flux of
≈4.36×1011 cm−2 s−1 is derived from the model study of
Tao and Jain (2005). Additionally, field and laboratory stud-
ies suggest that CO is not only emitted by dead plant matter
but also by live leaves (Scharffe et al., 1990; Tarr et al., 1995).
Scharffe et al. (1990) estimated a CO flux from termites and
vegetation of 5×1010 cm−2 s−1 in a scrub grass savannah in
Venezuela. However, one should keep in mind that these flux
estimates are associated with relatively large uncertainties.

When taking into account a height of the mixed BL of
1100 m (see Sect. 3.4) and the concentration of air molecules
of 2.34×1019 cm−3 at 966 hPa, the four specified mea-
sured fluxes result in a 24 h increase in the CO BL mix-
ing ratio of 1.1 nmol/mol, 4.3 nmol/mol, 13.4 nmol/mol and
1.7 nmol/mol, respectively. Only the largest of these values
would, together with photochemical production from VOCs,
be sufficient to explain the lower half of the range of ob-
served longitudinal gradients. To match the full range of
these gradients a CO emission flux of 1.5×1011 cm−2 s−1 up
to 6.1×1011 cm−2 s−1 would be necessary.

To summarise, it is conceivable that CO soil emissions
contribute to the budget of CO in the BL over the tropical
rainforest and possibly even regionally outbalance the im-
portance of photochemistry for this trace gas. Nevertheless,
it remains questionable if the strong horizontal gradient of
the CO mixing ratio can be fully explained by a combination
of photochemical processes and soil emissions alone.

4.2.2 Entrainment of air from the free troposphere into the
planetary boundary layer

Entrainment of relatively CO-rich FT air into the BL is an-
other possibility to explain the observed strong longitudinal
CO gradient. We assessed the upper limit of the 24 h aver-
age entrainment rate using the mean difference of the mixing
ratios in the BL and in the FT, both defined as the layers be-
tween 0–1 and 1–3 km a.s.l., respectively. This calculation
was done for flights G03 and G04, the flights which repre-
sent the “Lagrangian” case as described in Sect. 4.2.

As mentioned earlier the longitudinal gradient derived for
this case, which can be regarded as the best estimate for the
“true” gradient without changes in background CO, was de-
termined to be≈17.5 pmol/mol km−1 while the model re-
sults without emissions and entrainment indicated a gradi-
ent of ≈5.6 pmol/mol km−1. We estimate an upper limit
of the mean entrainment rate by assuming that the differ-
ence of these values (i.e. 11.9 pmol/mol km−1) is caused
by mixing-in of air from the FT with a CO mixing ratio
1.6 and 18 nmol/mol higher than in the BL. The latter are
the average differences between BL and FT mixing ratios
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(1xFT−BL) during flights G03 and G04, respectively (see
Sect. 4.2.1). At a mean wind speed of 5.6 m/s the gradi-
ent of 11.9 pmol/mol km−1 is equivalent to a temporal in-
crease1xBL/1t≈240 pmol/mol h−1, larger than the average
predicted chemical production rate. If the differences in the
mixing ratios are assumed constant, the mean fractional en-
trainment rateER can be expressed as

ER =
1xBL/1t

1xFT−BL
(4)

i.e. a fractionER of the BL air is exchanged with FT
air per unit of time. In our case this calculation leads to
ER≈0.15 h−1 (G03) andER≈0.01 h−1 (G04). The discrep-
ancy between the two values for G03 and G04, which re-
sults from the different BL-FT gradients of the CO mixing
ratios, is reflected in the vertical gradients of the peroxide
mixing ratios during these flights. The latter show a sim-
ilar behaviour during these two days with a weak gradient
during G03 pointing at a well mixed lower troposphere, and
a strong gradient during G04, indicating a layered structure
with minor vertical exchange. Consequently, the first value
is taken as an upper limit for the 24 h mean entrainment rate.
Figure 7 shows the relative error of the model-derived longi-
tudinal CO gradient versusER and the average BL-FT dif-
ference in the mixing ratios. It is obvious from this plot that
the derivedER is strongly dependent on the latter parame-
ter, resulting in a relatively large uncertainty in the estimate
without further constraints, coming e.g. from the HCHO and
H2O2 measurements and giving a consistent picture.

4.2.3 Further constraints on the entrainment rate from an
analysis of the HCHO and H2O2 data

The steady state model described in Sect. 3.3 was applied to
predict HCHO mixing ratios in the six cases defined there.
This was done to cross-check the results obtained with the
Lagrangian CO model, and particularly to investigate if some
organic precursors are missing in the chemical mechanism,
which could have been another explanation for the too low
predicted CO mixing ratio. As mentioned earlier, dry depo-
sition of HCHO was accounted for in this model by using the
deposition velocity calculated explicitly with a 1-D SCM and
the diagnostic BL height from ECHAM4. Entrainment was
not included in these calculations. Instead an upper limit for
the daytime entrainment rate was deduced from a Lagrangian
model run. The arithmetic means of the measured HCHO
mixing ratios together with model results are listed in Ta-
ble 5.

The results show that, contrary to the findings for CO, the
mixing ratios of HCHO are partly drastically overestimated
by the “steady state” model in the reference case. Only an
unlikely combination of several reduced parameters leads to
a better agreement of measurement and model results (OH
–25%, NO –5 pmol/mol, Cl –75%,vd (HCHO)=vd (HNO3)).
The explicitly calculatedvd (HCHO) from the 1-D SCM sug-

Fig. 7. Contours of the relative error [%] of the model-derived mean
longitudinal CO gradient versus the entrainment rate and the mean
difference in the BL and FT mixing ratios.

gests a significant role of surface removal processes, indi-
cated by a maximumvd smaller than the turbulent exchange
velocity. vd (HNO3), on the other hand, is removed very effi-
ciently at the surface in the model. By performing this anal-
ysis, we have assessed the impact of an upper limit removal
efficiency. Assuming normally distributed and statistically
independent variables the necessity of the combination of
two parameter modifications with11≤−0.5σ and12≤−1σ

alone corresponds to a probability of less than 5%, so that
the model-measurement discrepancy is significant on a 95%
basis. Additionally, the calculated MEK and acetaldehyde
mixing ratios in the model are at the lower end of measure-
ments during LBA-CLAIRE and other campaigns. This out-
come precludes a deficiency in the chemical mechanism as
the reason for the discrepancy in the case of CO, at least for
all species being oxidised via HCHO to form CO and not di-
rectly forming CO by circumventing HCHO as intermediate.

Since wet deposition is not likely to be very important
(Henry constantkH (HCHO)=6×103 M/atm atT =273.15 K,
p=1013.25 hPa, http://www.mpch-mainz.mpg.de/∼sander/
res/henry.html) and the effect of dry deposition is limited by
the deposition velocity of HNO3, this again points to a pos-
sible role of BL-FT exchange. An alternative to bring model
results and measurements closer together would be heteroge-
neous removal of HCHO on aerosol particles. However, this
seems unlikely considering the result of de Reus et al. (2005),
who found no significant influence of heavy aerosol loading
on HCHO in a Saharan dust plume, even though a haze layer
above the rainforest was noticed several times by the oper-
ators on board the aircraft. Unfortunately, no quantitative
aerosol measurements were performed during the GABRIEL
campaign. In summary, a significant entrainment from the
FT into the BL, perhaps in combination with an underesti-
mation of the dry deposition of HCHO by the 1-D SCM, is
consistent with the overprediction of HCHO in the reference
run. It is further consistent with the results of a study on
the sensitivity of the optimum H2O2 dry deposition velocity
on theER (see Sect. 4.3.1 and the upper panel of Fig. 10)
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Table 5. Comparison of the average measured HCHO mixing ratios during the six cases defined in Sect. 3.3 with the steady state mixing
ratios predicted by the box model for the reference run and cases with: OH decreased by 25%; increased HO2 (25%); NO decreased by 5
pmol/mol; dry deposition velocity increased by 50% (equivalent to a BL height decreased by 33.3%); OH, NO and Cl decreased (the latter
by 75%) and dry deposition velocity increased respectively; the model runs were done with yet uncorrected radiation data, however, the
reference run includingJ values with a correction factor of 1.1 gives results only slightly smaller (<7%); the results of case G07c have to be
taken with caution since methanol, isoprene and acetone mixing ratios had to be estimated due to lacking PTR-MS data.

Case G04a G04b G04c G07a G07b G07c

Mean measured HCHO (1σ empirical SD1) [pmol/mol] 328 (259) 983 (262) 1041 (220) 367 (134) 496 (166) 632 (140)
HCHO RR2 [pmol/mol] 510 1492 1667 701 734 691
OH ↓ [pmol/mol] 431 1181 1323 580 593 548
HO2 ↑ [pmol/mol] 461 1301 1438 650 653 613
NO ↓ [pmol/mol] 377 1366 1513 641 641 608
vd ↑ (BL height↓) [pmol/mol] 495 1434 1602 638 646 651
OH ↓, NO ↓, Cl ↓, vd=vd (HNO3) [pmol/mol] 312 975 1079 522 335 386

1SD: estimated error (standard deviation) of the mean, calculated asσn−1(HCHO)/
√

n with the number of measurement pointsn on the
respective flight segment,2RR: reference run

Fig. 8. Upper panel: Expected HCHO mixing ratios along the 57
different trajectories prescribed by the varyingk values; the varia-
tion of the mixing ratio as a function of local time arises from the
measured longitudinal gradient, the effect of the different starting
times of the trajectories and the superimposed diurnal cycle. Lower
panel: HCHO mixing ratios calculated along the 57 different trajec-
tories with the box model (Lagrangian mode, reference run).

and with the good CH3OOH model-measurement agreement
when using thisER (see Sect. 4.4 and Fig. 12).

To underpin the results of the steady state model an addi-
tional Lagrangian model run for HCHO was realised. The
CO model using the data from all flights was modified such
that HCHO instead of CO could be freely calculated. Again
HCHO deposition was introduced as described in Sect. 3.5.
These computations yield a mean HCHO mixing ratio of
about 2.3 nmol/mol after 24 h transport time for all 57 runs
of the model compared to about 1.5 nmol/mol deduced from
a linear longitudinal interpolation of the measured medians
combined with the observed diurnal cycle (see Fig. 8). The
model predicts much higher formaldehyde than was mea-
sured, substantiating the earlier conclusions. Figure 9 shows
that including entrainment in the model leads to a better
agreement of the results with the measurements.

A lower limit for the maximum daytime entrainment rate
from the FT into the BL has been determined using the mod-
elled and measured HCHO mixing ratios and the longitude
dependent HCHO mean mixing ratio at 1–3 km altitude for
all flights. It is assumed that the chemical lifetime

τHCHO,daytime(≈1h)
!= τentrain (5)

where

τentrain :=
HCHOmeas BL−HCHOmodel, 24 h

(

HCHOmeas FT−HCHOmodel, 24 h

)

·ER

so that the influence of the entrainment on the HCHO mix-
ing ratio would be equal to that of the chemistry. Here
HCHOmeas BL is the linearly interpolated measured median
of the HCHO mixing ratio at 55.86◦ W, HCHOmodel, 24h is
the model predicted mixing ratio in the BL after 24 h run-
time and HCHOmeas FTis the mean measured mixing ratio
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Fig. 9. Estimated upper limit relative error of the HCHO mixing
ratio after 24 h transport time calculated with the Lagrangian model.
The estimate was calculated assuming an “effective” time of 1 h for
entrainment, similar to the chemical lifetime in the model.

in the above defined FT. This calculation is based on the
idea that only mixing processes with a characteristic mix-
ing time of the same magnitude or smaller than the chemical
lifetime of the examined species will strongly influence the
mixing ratio of the species. Evaluating the equation leads to
max(ERdaytime)>0.55 h−1.

A second estimate for this parameter has been obtained
from the steady state model using the mean daylight hour
difference of the HCHO mixing ratios in the BL and in the FT
during flight G04 and the steady state mixing ratio calculated
for case G04c. This results in max(ERdaytime)>0.69 h−1.

In conclusion, theER values derived from the HCHO
measurements are clearly higher than the 24 h averages de-
rived from the CO data and imply effective mixing-in of FT
air into the BL on timescales smaller than the lifetime of
HCHO during daylight. This argument is valid if entrain-
ment is considered to be the only loss process besides gas
phase chemistry and dry deposition. On the other hand, the
significant vertical gradients in CO between the BL and the
FT observed during several flights argue against a continu-
ous efficient daytime entrainment. As noted before, the cal-
culation of the entrainment rate makes use of the HCHO
dry deposition rate computed explicitly with a 1-D SCM.
The latter is similar to the predicted dry deposition rate of
HNO3 over the ocean but much smaller over land (maximum
of the diurnal cycle of 1.1 cm/s compared to≈2.6 cm/s).
Furthermore, the model-estimated dry deposition of HCHO
seems to be relatively small compared to values found e.g.
by Krinke (1999) for a forest in Germany, particularly when
allowing for the extrapolated effect of a higher temperature
in Suriname. More efficient dry deposition would lead to a
smaller estimatedER. On the other hand, Rottenberger et al.
(2004) report dry deposition velocities of 0.16 cm/s in the
wet-to-dry season above two different canopy species typi-
cal for South American lowland rainforests (in this case the
measurements indicate less efficient deposition than in our
model), and Sumner et al. (2001) report (0.65±0.36) cm/s

Fig. 10. Upper panel: Dependency of the derived optimum dry
deposition velocityvd (H2O2) over the ocean on the entrainment
rate derived with the steady state box model runs for cases G04a
(light blue) and G07a (dark blue). Lower panel: Relative error of the
Lagrangian model result for H2O2 compared to the measurements
versus the dry deposition velocity.

for the nighttime dry deposition above a forest canopy in
Michigan. These studies show that there is an uncertainty
of probably one order of magnitude, and the model results
are within the range of the measurements. Other possibilities
to bring the values derived from the CO and HCHO analy-
ses closer would be possible heterogeneous loss processes of
HCHO on aerosol particles or the overprediction of HCHO
formation in our chemistry scheme.

TheER values derived in the present study may be com-
pared with results of previous studies. From hydrocarbon
measurements, Dillon et al. (2002) derived entrainment rates
of the urban pollution plumes of Sacramento, Toronto and
Nashville of (0.23±0.09) h−1, 0.1 h−1 and 0.20–0.22 h−1 re-
spectively, similar to our 24 h average. A trajectory model
indicated a slightly higherER of 0.3–0.5 h−1 for the first
plume. A much smaller value of (0.010±0.004) h−1 was
found for rapid long range transport by Price et al. (2004)
using different methods (trajectory calculations, trace gas
and aerosol observations). This can be rationalised by the
much more important role fast turbulent mixing and convec-
tion play in the BL compared to the FT, where less turbulent
horizontal transport usually dominates.
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Fig. 11. Upper panel: Expected H2O2 mixing ratios along the 57
different trajectories prescribed by the varyingk values. The vari-
ation of the mixing ratio as a function of local time arises from the
measured longitudinal gradient, the effect of the different starting
times of the trajectories and the superimposed diurnal cycle. Lower
panel: H2O2 mixing ratios calculated along the 57 different trajec-
tories with the box model (Lagrangian mode, reference run).

4.3 H2O2 dry deposition velocities over ocean and land

4.3.1 Ocean

The average dry deposition velocityvd (H2O2) over the ocean
has been assessed using the steady state model.vd was
varied such that measured and modelled hydrogen perox-
ide match. Entrainment was included in the model with a
constant rateER=0.12 h−1. The initial and boundary con-
ditions were taken from case G04a and G07a (eastern sec-
tor) with mean mixing ratios in the FT of≈4.3 nmol/mol and
≈1.0 nmol/mol, respectively (51.5–52.5◦ W, G04 and G07).
The latter mixing ratio was deduced from the total perox-
ides as described in Sect. 3.3. This corresponds to “positive”
(concentrating) entrainment in the first and “negative” (dilut-
ing) entrainment in the second case. An optimum match was
obtained with deposition velocities ofvd(H2O2)≈1.4 cm/s
andvd(H2O2)≈1.3 cm/s for G04a and G07a, respectively.

The sensitivity towards the entrainment rate (see upper
panel of Fig. 10) was tested by first changing the latter to
the smaller value from the CO calculations of≈0.01 h−1.
This gives deposition velocities of<0.1 cm/s and>1.8 cm/s,

respectively, for the two cases. A deposition velocity of
<0.1 cm/s over the ocean appears very small compared to
values found in the literature (see Sect. 4.3.3) and computed
with the 1-D SCM. In addition, the lower entrainment rate
implies an inconsistency between the deposition velocities
derived from the two cases. The deposition velocities over
the ocean are expected to be similar because the BL height is
the same and constant in both cases, unlike the BL over the
rainforest. On the other hand, settingER to the high value
of ≈0.69 h−1 results in unrealistically highvd>10 cm/s and
vd>4 cm/s indicating that this value can only be an upper es-
timate for the diurnal mean entrainment rate. Both provide an
indication of the magnitude of 0.12 h−1 for the mean entrain-
ment rate being correct. It should be noted, however, that
an average value of 1.35 cm/s for the dry deposition veloc-
ity over the ocean seems to be quite large for rather constant
windspeeds of about 6 m/s. The latter result in a maximum
dry deposition velocity of≈0.5 cm/s in the 1-D SCM con-
sidering neutral conditions and the dependency of the wind-
speed on the ocean surface roughness.

4.3.2 Rainforest

From the Lagrangian model an estimate of the dry deposi-
tion velocity over the rainforest has been deduced, again by
matching interpolated measurements at 55.86◦ W and model
results after 24 h transport time. H2O2 was the only (mea-
sured) species freely calculated in the model. The median
mixing ratio in the BL of the pure oceanic bin was taken as a
starting value, and entrainment was included with the param-
eterER set to the same value as in Sect. 4.3.1. Additionally,
mean hydrogen peroxide mixing ratios for the FT of all lon-
gitudinal bins were calculated and accordingly interpolated
so that a longitude dependent difference of the H2O2 mix-
ing ratio between the BL and the FT was available for the
longitude range examined. The dry deposition velocity was
set to 1.35 cm/s over the ocean, the mean value derived in
Sect. 4.3.1.

An unchanged and constant value of 1.35 cm/s over the
rainforest leads to an almost perfect agreement of model
and measurements after 24 h transport time, while a value of
0.5 cm/s produces an overestimation of≈14%, and a value
of 2.0 cm/s an underestimation of≈ 8% (lower panel of
Fig. 10). The latter is probably not significant considering
the accuracy of≈15% at 300 pmol/mol of the hydrogen per-
oxide measurements. The relatively strong diurnal cycle of
H2O2 in the measurements and the Lagrangian model results,
reflecting the quite short overall lifetime of this compound in
the examined environment, constitutes a further uncertainty
in the estimate (see Fig. 11).

4.3.3 Comparison with results from other studies

The present study suggests a best estimate for the 24 h
mean of the dry deposition velocity of hydrogen peroxide of
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Table 6. H2O2 dry deposition velocitiesvd (H2O2) and respective BL deposition rates found over land and over sea surfaces in different
studies. vd,l(H2O2): dry deposition velocity over land,vd,s (H2O2): dry deposition velocity over the sea. For detailed information and
discussion of the different results see text.

Reference vd,l(H2O2) [cm/s] vd,s (H2O2) [cm/s] Deposition rate [s−1] Region

Walcek (1987) 1 NE United States
Baer and Nester (1992) 1.5 Upper Rhine Valley

(Germany)
Gao et al. (1993) 2.5 above forest
Heikes et al. (1996) 0.88 1.4×10−5 South Atlantic
Hall and Claiborn (1997) 1–5 coniferous forest in Canada
Sillman et al. (1998) ≈5 Tennessee
Junkermann and Stockwell (1999) 1×10−5 tropical South Atlantic
Valverde-Canossa et al. (2006) (5±2) Fichtelgebirge (Germany)
This study 1.35 1.35 1.35×10−5...4 (land) tropical rainforest

3.25×10−5 (sea) tropical Atlantic

1.35 cm/s over the ocean as well as over the rainforest. With
the values for the BL height of≈400 m and≈ 100–1000 m
(ocean and rainforest) deposition rates of 3.25×10−5 s−1 and
1.35×10−5 up to 1.35×10−4 s−1 are inferred.

Walcek (1987) theoretically calculated a value of 1 cm/s
for the H2O2 dry deposition velocity over the northeast
United States which is roughly in agreement with our re-
sult for the rainforest and with the mean 1-D SCM result
over land. Baer and Nester (1992) assessed an average
vd(H2O2)=1.5 cm/s for the region of the Upper Rhine Val-
ley (Germany) in March 1985 with a regional mesoscale dif-
fusion model, again relatively close to our estimate. Gao
et al. (1993) used a coupled Diffusion-Chemistry-Model to
calculate an H2O2 deposition velocity of 2.5 cm/s above a
forest, about twice our value. Heikes et al. (1996) deduce
a deposition flux of(4±4)×1010 cm−2 s−1 for H2O2 and
(1.1±0.5)×1010 cm−2 s−1 for CH3OOH from measurement
data over the South Atlantic. At the given typical wind speed
of 7 m/s at 10 m a.s.l. this corresponds to deposition veloc-
ities of 0.88 and 0.5 cm/s, respectively, the first value for
H2O2 being smaller than our estimate. Also the derived
deposition rate of 1.4×10−5 s−1 for H2O2 (6×10−6 s−1 for
CH3OOH) at a marine BL height of 700 m is rather smaller
than our value. From gradient measurements (modified
Bowen method) Hall and Claiborn (1997) compute diurnal
maxima of vd=5 cm/s for H2O2 and 1.6 cm/s for organic
peroxide as well as nocturnal values of 1 cm/s and 0.5 cm/s,
respectively, over a coniferous forest in Canada. Their re-
sults show that the surface resistance is negligible in the
case of H2O2 and that the dry deposition of all peroxides
is limited by turbulence. Sillman et al. (1998) derive a
dry deposition velocity of≈5 cm/s for H2O2 from correla-
tions of O3, NOz and peroxides during the Middle Tennessee
Ozone Study (model and measurements), again significantly
higher than the value found in the present study. Junker-

mann and Stockwell (1999) estimate hydrogen peroxide and
methyl hydroperoxide dry deposition rates of 1×10−5 s−1

and 0.8×10−5 s−1 above the tropical South Atlantic in Oc-
tober and November 1994. The value for H2O2 is about a
third of the value deduced in the present study. However,
at that time the uncertainties in chemical rate constants were
still too high to make an exact estimate according to the au-
thors. Additionally, the entrainment rate in our study could
be overestimated over the ocean, as it was calculated as a 24 h
mean value mainly over land and as the entrainment over the
ocean may be smaller due to the generally higher stability
towards vertical exchange.

Valverde-Canossa et al. (2006) deduced an average day-
time vd (H2O2) of (5±2) cm/s over a Norway spruce for-
est in the Fichtelgebirge (Germany) with the relaxed eddy-
accumulation technique (REA), representing an upper limit
for the diurnal average due to the generally less intense night-
time turbulence over land. Like the study by Hall and Clai-
born (1997), their results indicate that daytime H2O2 dry de-
position is limited by turbulence, similar to the dry depo-
sition of HNO3, and that it can be accurately represented
by the combination of an aerodynamic and a quasi-laminar
boundary resistance alone. In line with these observations,
vd (H2O2) was found to be significantly underestimated by
the 1-D SCM used in the present study when applying a
relatively high surface uptake resistance (Ganzeveld et al.,
2006b), whereas the disagreement diminished when imple-
menting a very small uptake resistance. Table 6 gives a syn-
opsis of all studies including our results. To summarise, our
estimate for the dry deposition velocity over the ocean is
rather higher than previous estimates as well as the 1-D SCM
result, probably representing an upper limit because of the
relatively high entrainment rate assumed in our calculations.
Our estimate of the dry deposition velocity over the rainfor-
est, on the other hand, is within and rather at the lower end
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Fig. 12. Upper panel: Expected CH3OOH mixing ratios along the
57 different trajectories prescribed by the varyingk values. The
variation of the mixing ratio as a function of local time arises from
the measured longitudinal gradient, the effect of the different start-
ing times of the trajectories and the superimposed diurnal cycle.
Lower panel: CH3OOH mixing ratios calculated along the 57 dif-
ferent trajectories with the box model (Lagrangian mode, reference
run).

of the range of results for land surfaces from other studies
(1–5 cm/s). It furthermore agrees well with the result of the
1-D SCM. It should be noted that the present study focusses
on dry deposition since precipitation was absent along the
studied air mass trajectories.

4.4 Errant sources or sinks of organic peroxides

As shown in Sect. 4.1, the measured organic peroxides show
a distinct longitudinal gradient during GABRIEL, similar to
CO and formaldehyde. To investigate if this gradient can be
explained by photochemical degradation of organic precur-
sors escaping the forest canopy, the Lagrangian model was
used to calculate the change of the mixing ratio along the 57
trajectories. As in the hydrogen peroxide model run a con-
stant entrainment rate of 0.12 h−1 from the FT was assumed,
and the longitude dependent FT mixing ratios were deter-
mined. A lower dry deposition rate than for H2O2 was used,

Fig. 13. Upper panel: Expected ISOOH/MVKOOH mixing ratios
along the 57 different trajectories prescribed by the varyingk val-
ues. The variation of the mixing ratio as a function of local time
arises from the measured longitudinal gradient, the effect of the dif-
ferent starting times of the trajectories and the superimposed diurnal
cycle. Middle panel: ISOOH mixing ratios calculated along the 57
different trajectories with the box model (Lagrangian mode, refer-
ence run). Lower panel: MVKOOH mixing ratios calculated along
the 57 different trajectories with the box model (Lagrangian mode,
reference run).

namely 0.68·vd(H2O2)=0.92 cm/s over the ocean (average
ratiovd(H2O2)/vd(ROOH) from Junkermann and Stockwell
(1999) and Heikes et al. (1996) above the South Atlantic)
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and 0.41·vd(H2O2)=0.55 cm/s over the land (diurnal aver-
age ratiovd(H2O2)/vd(ROOH) following Hall and Claiborn,
1997). The modelled organic peroxides CH3OOH, ISOOH
and MVKOOH were initialised to their measured medians
in the ocean bin, i.e. the total measured organic peroxide for
CH3OOH and zero for both other peroxides. Since the or-
ganic peroxides at 1–3 km a.s.l. do not exhibit an increase
from east to west we have assumed that they consist only of
CH3OOH.

Figures 12 and 13 show the results for the reference run.
The model predicted diurnal cycle for CH3OOH is similar
to the expected one. Maximum and minimum values are
in relatively good agreement and the amplitude of the cy-
cle also matches quite well, particularly when taking into ac-
count that the night values of the expected cycle have been
deduced with the simplified approach of linear interpolation
of the daytime values.

For ISOOH and MVKOOH the agreement is not so
good. Especially on the second day ISOOH is obviously
strongly overestimated (model peak 500–600 pmol/mol, ex-
pected≈275 pmol/mol). Also for MVKOOH a clear overes-
timation emerges with the measured isoprene and MVK data
as input (model maximum 530–800 pmol/mol compared to
the expected≈275 pmol/mol).

The reference run results in a mean longitudinal gradient
of the total organic peroxide during the 24 h transport time of
1.81 pmol/mol km−1 compared to 0.94 pmol/mol km−1 ex-
pected from the measurements.

We conclude that with the assumptions made the modelled
total organic peroxide mixing ratio has to be considered in-
consistent with the measurements, indicating a significantly
lower mixing ratio. The formation of ISOOH from isoprene
alone points at the possibility of an overestimation of iso-
prene by the measurements or that the chemistry is not fully
understood. One alternative in explaining the discrepancy
might be an effective heterogeneous loss resulting in a life-
time similar to the lifetime of the organic peroxides due to
gas phase chemistry alone.

Sensitivity studies were carried out with a) an increased
entrainment rate of 0.689 h−1, b) increased deposition veloc-
ities

vd(ISOOH)=vd(MVKOOH)
!
= vd(H2O2) (6)

and c) halved isoprene and MVK mixing ratios.
The first sensitivity run a) still produces too high mix-

ing ratios for ISOOH and MVKOOH (diurnal cycle maxima
of 350–500 pmol/mol for ISOOH and 250–350 pmol/mol for
MVKOOH), obviously due to the short chemical lifetime of
these compounds in the model. Furthermore, the CH3OOH
simulated and expected diurnal cycles do not match as well
anymore, and the low morning minimum is overestimated
because of a positive nighttime entrainment.

The second run b) results again in far too high concentra-
tions, whereby the modelled diurnal cycle of CH3OOH fits

even better to the expected one during daylight than in the
reference run. Even a further increase of the deposition ve-
locity for ISOOH and MVKOOH to a value of 5 cm/s, signif-
icantly higher than the value derived for H2O2, still produces
much too high values (maxima on the second day of 450–
600 pmol/mol and 425–550 pmol/mol, respectively).

With the third run c) we obtain a much better agreement of
modelled and expected ISOOH and MVKOOH, while there
is still a tendency to overestimate the relatively longer-lived
MVKOOH.

The sensitivity tests corroborate the possibility that either
isoprene and MVK are overestimated by the measurements,
the isoprene chemistry is not completely understood or the
organic peroxides are subject to more efficient loss than ac-
counted for in the model. This may affect either the rad-
ical precursor species ROx, as described in de Reus et al.
(2005), or the peroxides themselves. Potential model defi-
ciencies include heterogeneous loss, missing reaction path-
ways involving ROx, or underestimated photolysis rates of
peroxides (Matthews et al., 2005). Too high isoprene and
MVK would fit to the overestimation of HCHO in the La-
grange as well as the steady state model over land, while a
higher dry deposition alone cannot alleviate the discrepancy
over the sea. Regarding the representation of isoprene chem-
istry in the used chemical mechanism some authors have re-
ported that there can be a strong dependency of the product
yields of isoprene oxidation on the complexity of the applied
condensed mechanism (Paulson and Seinfeld, 1992; Barket
et al., 2004; Fan and Zhang, 2004). Pöschl et al. (2000) con-
clude that a box model with the condensed Mainz Isoprene
Mechanism (MIM) included also in MECCA v0.1p produces
rather lower organic peroxide mixing ratios under tropical
low NOx conditions compared to the extended Master Chem-
ical Mechanism (MCM). Nevertheless, the differences be-
tween MIM and MCM results were mostly found to be less
than 10–20% for key chemical species including CH3OOH
throughout the test scenarios. The deviations in that study
could be assigned mainly to a different representation of or-
ganic nitrate chemistry. von Kuhlmann et al. (2004) confirm
that this is in principle also valid for the 3-D CTM MATCH-
MPIC.

Thornton et al. (2002), on the other hand, found that a too
high yield of the branching ratio and the rate constant for or-
ganic peroxide formation via RO2+HO2 was responsible for
discrepancies found between model-predicted and measured
ozone production rates. In addition, Hasson et al. (2004)
suggested the formation of other products than peroxides in-
cluding OH from the reaction of CH3C(O)O2+HO2. Their
suggestion has recently been confirmed in laboratory kinet-
ics measurements, and the respective reaction of the peroxy
radical of MVK with HO2 is expected to follow a similar re-
action path (J. Crowley and co-workers, private communica-
tion). To estimate possible effects on the organic peroxides,
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Fig. 14. Net ozone production calculated with the steady state box
model for the 6 cases defined in Sect. 3.3.

the reaction

MVKO2+HO2 → MVKOOH+O2 (R1)

in the MECCA chemical mechanism has been substituted by
an analogon of the reaction of MVKO2 with NO

MVKO2+HO2 → 0.5 MVKOOH+0.5 OH

+0.125 CH3C(O)O2+0.125 HOCH2C(O)CH3

+0.375 HCHO+0.125 CO+0.375 HO2

+0.25 CH3C(O)CHO (R2)

with the reaction rate unchanged compared to Reaction (R1).
The implementation leads to a reduced difference of only
179 pmol/mol between modelled and expected total or-
ganic peroxide after 24 h transport time, compared to
371 pmol/mol with the original mechanism. This is mainly
due to a significantly lower predicted MVKOOH mixing ra-
tio.

Taking into account all available information discussed
up to this point, either a modified chemical mechanism like
the one proposed above, leading to a reduction of the or-
ganic peroxide production, or heterogeneous loss help ex-
plain the lower than predicted organic peroxide mixing ratio,
particularly since the short chemical lifetime of ISOOH and
MVKOOH makes these compounds weakly sensitive or al-
most insensitive towards changes inER andvd .

4.5 Net BL ozone production

The net ozone production (NOP) in the BL above the ocean
and the rainforest was calculated using the steady state
model. The last day of a series of 7 days total runtime was
chosen to represent steady state. After that period all impor-
tant species were found to be in dynamic equilibrium. Cl
chemistry was included and the time resolution of the output
decreased to 5 min. Figure 14 displays the results for the 6
cases G04a to G07c.

For case G04a ozone destruction prevails during the entire
day with a maximum rate of≈0.5 nmol/mol h−1. The inte-
grated NOP for daylight hours is –4 nmol/mol. Case G04b
shows O3 destruction between sunrise and about 08:00 LT
with a maximum rate of≈0.325 nmol/mol h−1 followed by
a significant NOP rise up to 1.25 nmol/mol h−1 (coincident
with the NO peak at≈10:25 LT). Subsequently the NOP de-
creases again to negative values from≈11:25 LT onward.
The integrated O3 production is –0.29 nmol/mol. Case G04c
exhibits a similar evolution as case G04b but shifted to higher
values in the region of destruction, leading to a positive in-
tegrated NOP of +3.33 nmol/mol. In contrast to case G04a
case G07a is characterised by ozone production rather than
ozone destruction, due to the higher NO mixing ratios in the
second case (integrated NOP +4.4 nmol/mol). While the me-
dian NO mixing ratio is 5 pmol/mol at the time of the mea-
surement (14:45–15:00 LT) for case G04a, it is 19 pmol/mol
(11:30–11:45 LT) for case G07a. This results in a difference
of almost 20 pmol/mol at a fixed local time in the expected
diurnal cycles for both flight segments. Finally, cases G07b
and G07c (integrated NOP +4.69 and +2.03 nmol/mol) re-
semble again case G04b.

Thus it appears that minor ozone production as well as
destruction are in principle possible in the BL over the At-
lantic Ocean northeast of the Guyanas, depending on the
particular NO mixing ratio on a certain day. Nevertheless
the assumption in case G07a of an NO mixing ratio rising
from 19 pmol/mol in the morning up to almost 30 pmol/mol
around noon appears rather improbable. The measurements
on the respective flight leg may potentially have been influ-
enced by upwind emissions from ships. Altogether, a ten-
dency for ozone destruction is expected in the unpolluted air.

The second result is that in the BL above the rainforest a
tendency for ozone production is observed. In all land cases
except G04b the integrated NOP is positive during daytime
depending on the actual height of the diurnal cycle NO peak.
In turn, the measured median NO mixing ratios are smaller
during flight G04 than during flight G07. The NOP in all 6
cases closely follows the NO diurnal cycle. The calculated
average chemical tendency of +2.44 nmol/mol d−1 over land
for the two flights is even smaller than the observed increase
of the BL median mixing ratio of ozone from the morning to
the evening for all flights of roughly 5 nmol/mol, although it
does not yet compensate for the effect of dry deposition of
ozone. Also the longitudinal gradient with an increase from
east to west (Fig. 3) fits nicely to the positive NOP. This is
again in line with the finding that mixing-in of FT air into
the BL, especially during the daytime, is an important pro-
cess in defining the mixing ratio of medium- up to longer-
lived compounds in the BL over the tropical rainforest, since
the ozone mixing ratios in the layer between 1–3 km alti-
tude (20–50 nmol/mol) are significantly higher than in the
BL with local maxima at 2–3.5 km, similar to CO. The find-
ing of net ozone production over the remote rainforest region
of the Guyanas in the long dry season (August to November)
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differs from the ozone destruction of 5%/h during daytime re-
ported for the same region from measurements at two ground
based stations in Suriname in the short dry season (February
and March) during LBA-CLAIRE98 (Quesada et al., 2001).
The overall destruction of ozone was explained with a com-
bination of very low photochemical production and strong
dry deposition.

As can be anticipated from the diurnal cycle of the NOP
following closely the NO mixing ratio, a strong positive cor-
relation is found between these two variables in the steady
state box model (Fig. 15). It can also be seen that a higher
radiation intensity results in a steeper slope of the correlation.

5 Conclusions

Significant longitudinal gradients with an increase from east
to west were found for CO, O3, HCHO and organic per-
oxide mixing ratios in the BL over the tropical Atlantic
Ocean and the Guyanas during GABRIEL. The gradient
of CO derived from the longitude dependent medians is
about twice as high (54 pmol/mol km−1) as during LBA-
CLAIRE98. By analysing single flights we find CO gradients
of 16–48 pmol/mol km−1, and a gradient of 17.5 pmol/mol
km−1 has been obtained from a “quasi Lagrangian” case
identified in the measurement data.

A Lagrangian box model clearly underestimates this CO
gradient (5.6 pmol/mol km−1). Provided the chemistry is
represented correctly in the model this implies that there
must be other sources of CO in the BL. A sensitivity study
suggests that the model-measurement discrepancies cannot
be explained by measurement errors alone. Three processes
potentially influencing the carbon monoxide mixing ratio in
the BL were examined: biomass burning, emissions from
soil and vegetation and entrainment from the FT. Accord-
ing to this study biomass burning in parts of Africa and/or
eastern Brazil can explain the relatively high CO found dur-
ing several flights at an altitude of 2–3 km a.s.l. No indica-
tion was found for an important influence of local biomass
burning. An upper estimate of the effect of soil and plant
emissions showed that these, together with photochemistry,
can probably still not account for the full range of observed
CO gradients. Nonetheless they can significantly contribute
to the CO budget in the BL and even regionally outbalance
the photochemical production. An upper limit estimate for
the 24 h mean entrainment rate from the FT into the BL of
ER=0.12 h−1 was derived from the horizontal gradient and
the BL-FT difference of the mixing ratio of CO, leading to a
better agreement of model and measurements.

A steady state and a Lagrangian model for HCHO were
used to cross-check the results obtained from the CO anal-
ysis. The dry deposition velocity was adopted from a 1-D
SCM. The model runs in both cases showed a significant
overestimation of the HCHO mixing ratio. A deficiency
of the chemical mechanism or an underestimation of pre-

Fig. 15. Correlation between the net ozone production (NOP) and
the NO mixing ratio in the “steady state” box model, colourcoded
depending on the value ofJ (NO2).

cursors is precluded, at least for all compounds being ox-
idised via formaldehyde to form CO. An underestimation
of the entrainment and perhaps of the dry deposition veloc-
ity were found to be the most likely reasons for the differ-
ences. From the two models lower limits for the maximum
daytime entrainment rate of max(ERdaytime)>0.55 h−1 and
max(ERdaytime)>0.69 h−1 have been calculated, implying
an efficient mixing-in of FT air into the BL during daylight.
The estimate would become smaller with a more efficient dry
deposition though.

An H2O2 dry deposition velocity of 1.35 cm/s over the
ocean as well as the rainforest has been calculated with
the box model assuming an entrainment rateER=0.12 h−1.
Sensitivity tests with a changed entrainment rate further sup-
port the correctness of the estimated 24 h average entrain-
ment rate. A comparison of our results with results of other
studies reveals that the dry deposition velocity over the ocean
is rather larger than previously derived, representing an upper
limit because of the applied relatively high entrainment rate.
Over the rainforest our value is within the range of previous
estimates (1–5 cm/s) and rather at the low end. Additionally,
it agrees well with the explicitly computed 1-D SCM values.

The Lagrangian box model has furthermore been applied
to simulate the organic peroxide longitudinal gradient assum-
ing they only consist of methyl hydroperoxide and peroxides
from isoprene and MVK oxidation. This simulation shows a
significant overestimation of the organic peroxide production
in the model. Further analysis leads to the conclusion that
either heterogeneous loss of organic peroxides and/or their
radical precursors on aerosol particles, a modified reaction
of HO2 with MVKO2 in the chemical mechanism, or un-
derestimated photodissociation of organic peroxides may ex-
plain the discrepancies. It therefore seems that improvements
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of the representation of isoprene-product chemistry in the
model are needed.

Finally, the net ozone production (NOP) has been calcu-
lated with the steady state model. The results indicate that
over the tropical Atlantic Ocean ozone destruction rather
than production prevails. Over the rainforest ozone produc-
tion with a mean rate of approximately 2.4 nmol/mol d−1 was
found. The positive NOP over the rainforest in the long dry
season contrasts with results for the short dry season in the
same region during LBA-CLAIRE98.

Appendix A

Abbreviations and acronyms

ABLE A tmospheric Boundary Layer
Experiment

BL boundarylayer
CCF cloudcorrectionfactor
CMDL C limate Monitoring and

DiagnosticsLaboratory
CTM C hemistryTransportModel
DL detectionlimit
ECHAM EC MWF inspirated, inHamburg

enhanced climate model
ESRL EarthSystemResearchLaboratory
FT f reetroposphere
GABRIEL G uyanas Atmosphere-Biosphere

exchange andRadicals Intensive
Experiment with theLearjet

GC-FID Gas Chromatography-Flame
IonisationDetection

GFD Gesellschaft f̈ur
Flugzieldarstellung

GTE GlobalTroposphericExperiment
ISON nitrates from isoprene oxidation
ISOOH peroxides from isoprene oxidation
LBA-CLAIRE L arge-Scale Biosphere-

Atmosphere Exchange Experi-
ment-Cooperative LBA Ai rborne
RegionalExperiment

LIF L aserInducedFluorescence
LT l ocaltime
MATCH-MPIC M odel of AtmosphericTransport

and Chemistry – Max Planck
Institute forChemistry version

MCM M asterChemicalMechanism
MECCA M oduleEfficiently Calculating the

Chemistry of theAtmosphere

MEK m ethylethyl ketone
MEKOOH peroxides from MEK oxidation
MIM M ainzIsopreneMechanism
MODIS Mod erate Resolution Imaging

Spectroradiometer
MPAN peroxyacryloyl nitrate
MVK m ethylvinyl ketone
MVKOOH peroxides from MVK oxidation
NACA n itrooxy acetaldehyde
NMOC non-methaneorganiccompound
NOP netozoneproduction
ONIT organic nitrate from higher alkyl ni-

trates and C3H6 + NO3
PAN peroxyacetylnitrate
PTR-MS Proton Transfer Reaction-Mass

Spectrometer
SCM SingleColumnModel
TDLAS T unable Diode Laser Absorption

Spectrometer
TUV T ropospheric Ultraviolet-Visible

Model
VOC volatileorganiccompound

Appendix B

Sensitivity study for the chemical production of CO

A large number of parameters was changed with the refer-
ence run generally being the starting point for the variation
of the parameters. The only exception is the variation of or-
ganic peroxides. To determine the sensitivity of CO towards
the latter, a reference run without organic peroxides was per-
formed. Table B1 shows the results of the Lagrangian model
calculations.

These results suggest a high sensitivity of CO mixing
ratios towards NO3, NO, HCHO, MVK, MVKOOH
and nitrooxy acetaldehyde. Absolute sensitivities
[(nmol/mol)/(nmol/mol)] towards peroxides from ace-
tone, butane, ethane, MEK and towards nitrates from
the isoprene oxidation, propene, acetaldehyde, hydroxy
hydroperoxides from propene, hydroxy acetone, isoprene,
MEK, organic nitrates from higher alkyl nitrates (plus
C3H6+NO3) and ethene are intermediate, while the calcu-
lated sensitivities towards methyl hydroperoxide, acetic acid,
nitric acid, nitrate from propane, peroxide from isoprene
and from propane oxidation are small. For formic acid no
sensitivity run was necessary due to the fact that this species
is only important for HOx partitioning in the model which is
prescribed by the measurements.

The upper bound of 5 nmol/mol used in the sensitiv-
ity run of CH3C(O)OH was chosen considering that Helas
et al. (1992) reported up to 3–4 nmol/mol measured in north-
ern Congo. For CH3CHO an upper limit of 5 nmol/mol
was estimated from ranges of 1–18 nmol/mol in urban,
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Table B1. Sensitivities of CO to different chemical species;1during nighttime only,2diurnal average,3constant value,4nitrooxy acetalde-
hyde,5organic nitrate from the isoprene oxidation,6methyl ethyl ketone,7organic nitrate from higher alkyl nitrates and C3H6+NO3, 8i-propyl
nitrate.

Parameter Variation Parameter [nmol/mol] Variation CO [nmol/mol] Sensitivity [(nmol/mol)/(nmol/mol)]

NO3 +0.011 –0.4517 –45.17
NO +0.00242 +0.0666 27.75
HCHO +0.38052 +2.6285 6.908
MVK +0.2582 +0.9933 3.85
MVKOOH +0.8652 +2.7046 3.124
NACA4 +0.53 +1.1302 2.2604
CH3C(O)CH2OOH +0.8652 +0.7978 0.922
ISON5 +0.53 +0.3849 0.7698
C3H6 +0.3363 +0.2219 0.6604
CH3CHO +4.8453 +3.1208 0.644
C3H6(OH)OOH +0.8652 +0.4797 0.555
CH3C(O)CH2OH –0.5503 –0.2923 0.531
isoprene +0.4782 +0.2328 0.487
C4H9OOH +0.8652 +0.3704 0.428
C2H5OOH +0.8652 +0.3459 0.400
MEK6 +1.7983 +0.5379 0.299
MEKOOH +0.8652 +0.2433 0.281
ONIT7 +0.053 +0.01 0.14
C2H4 +2.63 +0.2658 0.1022
CH3OOH +0.8652 +0.0775 0.0896
CH3C(O)OH +53 +0.0739 0.01478
HNO3 +0.253 ‖<0.0001 ‖<0.0004
C3H7(O)NO8

2 +0.053 ‖<0.0001 ‖<0.0002
ISOOH +0.8652 0 0
C3H7OOH +0.8652 ‖<0.002 ‖<0.002

0.1–4 nmol/mol in rural and 0.1–1 nmol/mol in remote areas
given by Finlayson-Pitts and Pitts (2000) and from a value of
approximately 0.13 nmol/mol reported by Jacob and Wofsy
(1990) for the Brazilian rainforest during the wet season. The
sensitivity towards HNO3, organic nitrates from higher alkyl
nitrates and from the reaction of C3H6 with NO3 (ONIT),
and i-propyl nitrate was tested with mixing ratios of 0.25,
0.05 and 0.05 nmol/mol, respectively, derived as upper lim-
its from ABLE measurements and model results by Jacob
and Wofsy (1988, 1990). A model run with freely calcu-
lated NOz gave maximum mixing ratios of 125 pmol/mol
(HNO3), 0.1 pmol/mol (C3H7ONO2), 6 pmol/mol (ONIT),
183 pmol/mol (NACA) and 285 pmol/mol (nitrate from iso-
prene oxidation, ISON), clearly smaller than the values
used for the sensitivity test (see below). When calculated
freely the levels of the mixing ratios of MEK, hydroxy ace-
tone and methyl glyoxal (CH3C(O)CH2OH) are at about
2 pmol/mol, 1.3 nmol/mol and 0–300 pmol/mol. Sensitivity
runs were performed with mixing ratios of 1.8 nmol/mol and
606 pmol/mol for MEK and hydroxy acetone (mixing ratios
reported for the BL during LBA-CLAIRE in Williams et al.,

2001b). If the identification of m73 as MEK proposed in
that study is correct, the striking difference between mod-
elled and measured MEK suggests that direct emissions of
MEK are much more important than its photochemical pro-
duction. In the case of methyl glyoxal the chemical lifetime
is so short (visible in the diurnal cycle) that the chemistry is
approximated by steady state.

The at first glance surprisingly low sensitivity of CO to-
wards isoprene and CH3OOH in the model can be explained
by the fixed intermediate (HCHO and MVK) mixing ratios
via which the oxidation of these two species primarily pro-
ceeds (see e.g. Stickler et al., 2006). The high sensitivity
towards NO3 is caused by a generally higher formation rate
of the peroxyacetyl radical by the reaction sequence

C2H5O2+NO3 → CH3CHO+HO2+NO2 (RB1)

CH3CHO+NO3
O2→ CH3C(O)OO+HNO3 (RB2)

The formed radical can further react with NO3, producing
CH3O2 and CO2, thus partly bypassing CO as intermediate:

CH3C(O)OO+NO3 → CH3O2+NO2+CO2 (RB3)
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At the same time the equilibrium of the reaction

CH3C(O)OO+NO2 ⇋ PAN (RB4)

is shifted towards the reservoir species peroxyacetyl nitrate
due to the fact that the NO2 mixing ratios are much higher in
this case compared to the reference run and induced by the
reactions

CH3O2+NO3 → HCHO+HO2+NO2 (RB5)

C2H5O2+NO3 → CH3CHO+HO2+NO2 (RB6)

and Reaction (RB3), further slowing down the CO produc-
tion. Interestingly, the sensitivity of CO towards NACA and
ISON is not negligible, as initially expected. This can be
understood considering that Stickler et al. (2006) suggested
that, in the upper troposphere, these compounds would accu-
mulate to unrealistically high mixing ratios in a simple steady
state box model. Therefore it seemed reasonable in that
study to neglect them without consequences for the HCHO
or CO budgets. On the other hand the present study exam-
ines boundary layer chemistry in a region strongly affected
by precursor emissions of the two species, so that the poten-
tial influence of the latter on CO has to be estimated at least
in the context of a sensitivity study. CO shows no sensitivity
at all towards ISOOH in the model. This can be understood
considering that ISOOH reacts with OH to form MVK and
photolyses to give MVK, HCHO, HO2 and OH as products,
all compounds prescribed on the basis of the measurements.
Thus changing the partitioning of the organic peroxide in
favour of ISOOH leads to a decrease in CO.
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