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Abstract

As a major source region of the hydroxyl radical OH, the Tropics largely control the
oxidation capacity of the atmosphere on a global scale. However, emissions of hydro-
carbons from the tropical rainforest that react rapidly with OH can potentially deplete
the amount of OH and thereby reduce the oxidation capacity. The airborne GABRIEL
field campaign in equatorial South America (Suriname) in October 2005 investigated
the influence of the tropical rainforest on the HO, budget (HO,=OH+HO,). The first
observations of OH and HO, over a tropical rainforest are compared to steady state
concentrations calculated with the atmospheric chemistry box model MECCA. The im-
portant precursors and sinks for HO, chemistry, measured during the campaign, are
used as constraining parameters for the simulation of OH and HO,. Significant under-
estimations of HO, are found by the model over land during the afternoon, with mean
ratios of observation to model of 12.2+3.5 and 4.1+1.4 for OH and HO,, respectively.
The discrepancy between measurements and simulation results is correlated to the
abundance of isoprene. While for low isoprene mixing ratios (above ocean or at alti-
tudes >3 km), observation and simulation agree fairly well, for mixing ratios >200 pptV
(<3 km over the rainforest) the model tends to underestimate the HO, observations as
a function of isoprene.

Box model simulations have been performed with the condensed chemical mecha-
nism of MECCA and with the detailed isoprene reaction scheme of MCM, resulting in
similar results for HO, concentrations. Simulations with constrained HO, concentra-
tions show that the conversion from HO, to OH in the model is too low. However, by
neglecting the isoprene chemistry in the model, observations and simulations agree
much better. An OH source similar to the strength of the OH sink via isoprene chem-
istry is needed in the model to resolve the discrepancy. A possible explanation is that
the oxidation of isoprene by OH not only dominates the removal of OH but also pro-
duces it in a similar amount. Several additional reactions which directly produce OH
have been implemented into the box model, suggesting that upper limits in producing
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OH are still not able to reproduce the observations (improvement by factors of ~2.4 and
~2 for OH and HO,, respectively). We determine that OH has to be recycled to 94%
instead of the simulated 38% to match the observations, which is most likely to happen
in the isoprene degradation process, otherwise additional sources are required.

1 Introduction

The hydroxyl radical (OH) and the associated hydroperoxyl radical (HO,) play a ma-
jor role in the chemistry of the troposphere, dominating its oxidation capacity during
daytime. Owing to their high chemical reactivity, OH and HO, are responsible for the
removal of most biogenic and anthropogenic trace gases, determining the lifetimes of
gaseous pollutants and thereby directly impacting air quality (Heard and Pilling, 2003).

The main source of OH in the unpolluted lower troposphere is the photolysis of
ozone, followed by the reaction with water vapour (Levy, 1971):

Oz +hv — O('D)+0,, 1<310nm,
0o('D) + H,O0 — 20H. (R1)

Therefore OH production rates are largest in tropical regions, where humidity and irra-
diation intensity are high (Lelieveld et al., 2002).

On the other hand, emissions of biogenic trace gases are controlled by solar radi-
ation and temperature (Kesselmeier and Staudt, 1999; Fuentes et al., 2000). Tropical
regions naturally have large areas of rainforest and these ecosystems represent a ma-
jor source of volatile organic compounds (VOC) on a global scale (Fehsenfeld et al.,
1992; Guenther et al., 1995). Global models typically predict a large influence from the
tropical rainforest VOC emissions on the hydroxyl radical concentration (Logan et al.,
1981; Karl et al., 2007) by the reaction:

RH + OH 22 RO, + H,0, (R2)
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which has been thought to suppress OH and the oxidation capacity of the atmosphere
(Wang et al., 1998; Poisson et al., 2000; Lelieveld et al., 2002; Kuhimann et al., 2004;
Joeckel et al., 2006). The main biogenic volatile organic compound (BVOC) emitted
from the tropical rainforest is isoprene (Guenther et al., 1995; Granier et al., 2000).
Many laboratory based oxidation experiments of isoprene with OH have been per-
formed (e.g. Paulson et al., 1992; Jenkin et al., 1997) and a detailed degradation
scheme can be found in Jenkin and Hayman (1995).

The peroxy radicals generated in the initial step can further react with nitric oxide
(NO), forming the hydroperoxyl radical, HO,:

RCH,0, + NO 22 RCHO + NO, + HO, , (R3)
which can recycle OH via reaction with nitric oxide or ozone:

HO, + NO — OH + NO,, (R4)
HO, + O3 — OH + 20, . (R5)

The two radical species OH and HO, can be considered to be in photochemical equi-
librium on a timescale of seconds (Eisele et al., 1994).

The objective of the airborne GABRIEL campaign (Guyanas Atmosphere-Biosphere
Exchange and Radicals Intensive Experiment with the Learjet) was to study how the
VOC emissions from the pristine rainforest in equatorial South America influence the
HO, (HO,=0H+HO,) budget. In this study, the impact of BVOCs on the HO, budget is
investigated by comparing the measurements with an observationally constrained box
model in steady state. The differences between model and observations for HO, are
analysed and possible modifications of the chemical reaction scheme are discussed.

2 Measurements

The GABRIEL campaign took place over Suriname, French Guiane and Guyana (3° to
6° N, 51° to 59° W). This region is sparsely populated and mainly characterised by pris-
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tine rainforest. Flights were performed from Zanderij Airport, Suriname (5° N, 55° W) in
October 2005, during the long dry season (August—November). The prevailing wind di-
rection during the campaign was from the topical Atlantic Ocean towards the rainforest
(southeasterly trade winds). The wind therefore transported clean background mar-
itime air over the forested regions of the Guyanas. Flights were performed to sample
air at various altitudes (300 m—9 km) and at different distances from the coast (Fig. 1),
hence determining the extent of biogenic influence. The flights were conducted at
different times of the day (Table 1), since the primary production of OH in the tropo-
sphere is light dependent (R1), as are the emissions of trace gases from the rainforest
(Fuentes et al., 2000).

All species relevant for fast photochemistry were measured in-situ on board a Learjet
35A D-CGFD (GFD1 ). OH was directly detected by the laser induced fluorescence (LIF)
technique, whereas HO, was quantified indirectly by conversion to OH via addition of
NO (Martinez et al., 2008). These are the first reported observations of HO, over the
tropical rainforest (Lelieveld et al., 2008). The time resolution of the measurements
varied from one to 30s. An overview of the measured species is given in Table 2.

The measured HO, data is shown in Figs. 2 and 3. The data (30s average) was
binned in 3-h time intervals to distinguish between morning, noon and afternoon con-
ditions. Local time is UTC (Universal Time Coordinates) minus 3h. The 10 uncertainty
of the OH and HO, measurements was estimated to be 20% and 30% by the system-
atic error and 7% and 1% by the statistical error (as mean value), respectively. A more
detailed description can be found in Martinez et al. (2008).

The influence of the rainforest emissions in the boundary layer (<1000 m) is illus-
trated by the decrease in the OH concentration in the airmass travelling from the ocean
to the land. As the VOC accumulate in the atmosphere over the rainforest, they reduce
OH and contribute to HO, production.

To quantify our understanding of the tropospheric chemical processes in more detail,
comparisons with box model calculations have been performed. It will be shown that,

Gesellschaft fiir Flugzieldarstellung, Hohn, Germany.
15243

ACPD
8, 15239-15289, 2008

results

D. Kubistin et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

although OH concentrations decreased over the rainforest, this decrease was much
less than expected and possible explanations will be discussed.

3 Box model

The comparison of observed data with chemical box model calculations helps to im-
prove our understanding of the atmospheric oxidation mechanisms. For our analysis,
the photochemical box model MECCA (Module Efficiently Calculating the Chemistry
of the Atmosphere) was used to simulate OH and HO,. The chemical reaction
scheme is based on MECCA v0.1p (Sander et al., 2005) containing the “Mainz Iso-
prene Mechanism” (MIM) (Poeschl et al., 2000) with 44 reactions and 16 organic
species describing the chemistry of isoprene. The maximum number of species in
the gas phase is 116 with a total number of 295 reactions. For the simulations,
the halogen, sulfur and aqueous phase reactions were neglected and the multiphase
chemistry, represented as heterogeneous loss, was only considered in order to repre-
sent the deposition of peroxides. The detailed reaction scheme can be found in the
accompanying supplement (http://www.atmos-chem-phys-discuss.net/8/15239/2008/
acpd-8-15239-2008-supplement.pdf).

MIM is a reduced reaction scheme in which different species belonging to a class
(e.g. carbonyls, peroxy radicals, peroxides and organic nitrates) are lumped into groups
of VOC. To verify the influence of the most abundant nonmethane hydrocarbons
(NMHC) over the tropical rainforest, the comprehensive isoprene degradation scheme
of the Master Chemical Mechanism MCM 3.1 (Jenkin et al.,, 1997; Saunders et al.,
1997, 2003) was also used in our studies.

The photolysis frequencies (J) were determined using the radiative transfer model
TUV v4.1 (Tropospheric Ultraviolet-Visible Model) (Madronich and Flocke, 1998) with a
total ozone column of 265 DU (GOME satellite data). The cross sections and quantum
yields for the different species were taken from the recommended data of Atkinson et
al. (2004, 2005) and Sander et al. (2006). The calculated photolysis frequencies were
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corrected for cloud and aerosol effects by scaling to the measured J(NO,).
Considering the short lifetimes of OH and HO, radicals, all model runs were per-
formed to reach steady state. To constrain the model runs, the measured species
during the GABRIEL campaign were fixed to their observed values with a time reso-
lution of 2min. Trace gases which were not measured were either calculated by the
model or taken as fixed parameters as given in Table 3. Although the instruments
generally operated steadily and reliably during the GABRIEL campaign, some short
interruptions, calibrations or malfunctions did occur. As nitric oxide (NO) is a crucial
parameter for the HO, cycling, datasets without NO data were omitted from this study
(flights GO1, GO5 and G10). For water vapour and carbon monoxide, missing data
points were interpolated within 2 min intervals for equal altitude levels. For two flights
(G02, G07) water data were not available. As H,O concentration correlates with alti-
tude and the day-to-day variability was small, the mean vertical profile of water from
the 8 other flights was used as a proxy to fill in the missing data. The uncertainty
was derived from the standard deviation of the mean profile (Fig. 4). For hydrogen
peroxide (H,O,), missing data were simulated by using an altitude dependent hetero-
geneous removal rate function, which was fitted to loss rates determined by the model
to match the measured data where available (Fig. 5). This loss rate is in reasonably
good agreement with calculated deposition rates by Stickler et al. (2007), who de-
termined deposition rates in the boundary layer of 1.35x107°>"*s" for the tropical
rainforest and about 3.25x10™°s™" for the tropical Atlantic. Total organic peroxides
(2 ROOH) were modelled by using the same removal rates as for H,O,. Comparison
of the simulated and measured data shows a slight underestimation of hydrogen per-
oxide and overestimation of total organic peroxides (Fig. 6). For altitudes higher than
5.5km, measurements of total peroxides and H,O, could not be carried out (Stickler
et al., 2007). These missing data were simulated with a removal rate of zero (Jackson
and Hewitt, 1999). Altogether, the whole dataset used for the simulation of OH and
HO, consists of 140 data points, corresponding to 280 min of data. The dataset from
the direct measurements predominately comprises regions over land in the afternoon
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at low altitudes (Fig. 7). Datasets for the morning and for high altitudes could only
be established based on the assumptions described above and accordingly have a
larger uncertainty. Model simulations which used these more uncertain datapoints are
marked separately (triangles). Nevertheless, the overall uncertainty for the modelling
of HO, as caused by these assumptions is less than 50%. Uncertainties originating
from the inaccuracies of the kinetic rate coefficients are not considered here.

4 Results and discussion

To examine the radical chemistry over the tropical rainforest, diverse tropospheric con-
ditions (e.g. time of day, altitude, background air) were covered by the flighttracks per-
formed during GABRIEL. Air influenced by rainforest emissions as well as unaffected
air over the ocean was sampled. Figure 8 shows the observed to modelled ratio for OH
and HO, as a function of location. Over the ocean and at higher altitudes the agree-
ment is fairly good for OH and HO, with a possible slight model underestimation of
OH and an overestimation of HO,. However over the rainforest at low altitudes, where
the emission of hydrocarbons influences the chemistry, the divergence between model
and observation increases strongly. These discrepancies are greater for the hydroxyl
radical (up to factors of 15) than for HO, (up to factors of 5). The substantial under-
estimation is an indication of the inadequacy of the hydrocarbon chemistry scheme
adopted in the model.

The uncertainty estimation for observations and simulations are included in the anal-
yses to define the significance of the discrepancies. Figure 9 shows the 10 range
of the observed and modelled data, derived from the measurement uncertainties of
the species that constrain the model. Upper and lower estimates are obtained by
varying all concentrations within the uncertainties to achieve maximum and minimum
production of OH and HO,, and conversion of HO, to OH. Although OH and HO, con-
centrations were often reproduced by the model within a factor 2, there was significant
disagreement for several data points for which the simulated values were lower than
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the observations.

Further sensitivity studies of the model have been performed including the constrain-
ing parameters to identify the observed trace gases with the strongest influence on the
HO, concentrations by varying the concentrations of the single observed species sep-
arately by factors ranging from 0 and 3. Their influence on the HO, concentration is
shown for afternoon data over the rainforest in Table 4. The strongest sensitivities
with respect to OH result from ozone photodissociation and subsequent reaction with
water vapour (163% and 145%, respectively), responsible for the primary production,
and from isoprene (150%). The simulations of HO, are less sensitive to the applied
variations, with the largest influence from formaldehyde (136%). Thus, the variation
of any single constrained parameter by a factor of 2 is not sufficient to eliminate the
discrepancy between the simulated and observed OH and HO, concentrations.

4.1 Correlation with isoprene

Comparison between observations and model simulations for OH and HO, with respect
to the diurnal cycle, shows that model underestimations are relatively large in the af-
ternoon, especially in the boundary layer (Fig. 10). Emissions of hydrocarbons from
the rainforest are driven by light and temperature. The most abundant VOC species
over the rainforest is isoprene (Guenther et al., 1995; Granier et al., 2000), the concen-
tration of which increases strongly towards the afternoon (Fig. 11) (Eerdekens et al.,
2008; Warneke et al., 2001). The initial reactions of the isoprene oxidation scheme in
MECCA are given in Table 5.

The ratio of observation to model results for both OH and HO, as a function of
the mixing ratio of isoprene is indeed clearly correlated, as shown in Fig. 12. For
isoprene mixing ratios below 200 pptV, the ratios of observation to model concen-
trations vary around 1.37+0.38 for OH and 0.98+ 0.37 for HO,, whereas for mixing
ratios greater than 200 pptV the model increasingly underestimates the HO, con-
centrations by more than a factor of 2. Dividing into isoprene logarithmic bins of
Alnx=0.5, x: isoprene mixing ratio, leads to maximum observed to modelled ratios of
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13+2 (OH) and 3.7+0.8 (HO,) for the highest isoprene mixing ratios of 5.6+0.4 ppbV.
A similar observation was made by Ren et al. (2008), who measured HO, over a forest
in the northern mid-latitudes. Their photochemical box model (Crawford et al., 1999)
overestimated OH for isoprene mixing ratios lower than 500 pptV, and increasingly un-
derestimated the concentrations for isoprene levels exceeding 500 pptV. Although the
absolute values differ from the GABRIEL studies, the performance of both models
shows a similar tendency with respect to isoprene. The coincidence of the qualita-
tive behaviour of the two different box models for different field campaigns points either
to a more fundamental gap in our knowledge of the isoprene degradation mechanism
or to missing sources of OH with the same emission behaviour as isoprene.

4.2 Simulation with the Master Chemical Mechanism MCM

To test the performance of the lumped mechanism MIM, the more detailed isoprene
chemistry of the MCM (Pinho et al., 2005) was included in the box model MECCA
for comparison. More species (213 in total) were taken into account and the reac-
tion scheme included several additional photolytic reactions. As the absorption cross
sections and the quantum yields were not available for all implemented species, the
photolysis frequencies (J) could not be calculated with the TUV model. Therefore, pho-
tolysis frequencies for species for which this information was available were used for all
species of similar chemical structure as grouped in the MCM. The resulting photolysis
frequencies are very uncertain, therefore sensitivity studies concerning the photolytic
reactions were performed by varying the J-values by a factor of 1073 and 10°. In order
to avoid possible overestimation of H,O,, only the datasets with measured peroxide
data available were taken into account. In Table 6, the photolytic reactions with the
strongest effect on OH (more than 10% compared to the base run) are listed. The pho-
tolysis frequencies of the two isomers of the isoprene peroxy radical (2-hydroperoxy-
2-methylbut-3-en-1-ol (ISOPBOOH) and 2-hydroperoxy-3-methylbut-3-en-1-ol (ISOP-
DOOH)) were the most prominent. As recommended in the MCM, the photolysis fre-
quency of CH;OOH was used for the analysis, calculated with the absorption cross
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section given by Vaghjiani and Ravishankara (198 g with quantum yields of unity. In-
creasing this photolysis frequency by a factor of 10" enhanced OH and HO, concen-
trations by 24%. Reduction of any of these frequencies by a factor of 107° led to a
maximum reduction of 2% in OH. Thus, photolysis reactions in the model with un-
known photolysis frequencies, with respect to OH and HO,, were not relevant unless
the photolysis frequencies were very strongly underestimated.

Variation of the photolysis of methacrolein (MACR) has a strong impact on OH. How-
ever, the absorption cross sections for methylvinylketone (MVK) and MACR have been
measured (Gierczak et al., 1997). The variation of a factor 10° was unrealistically high
but emphasizes the effect of the photolysis products. Increasing the photolysis fre-
quency of MACR by 10° ledto a large underestimation of OH (Table 6), indicating that
the products deplete OH in further reactions.

During GABRIEL only the total sum of MVK and MACR was measured. For the
studies with the MCM mechanism, these two species are treated separately. A ra-
tio of MVK:MACR=2:1 was used (Kuhn et al., 2007). Simulations with ratios of
MVK:MACR=0:1 and 1:0 changed the OH concentration about —5% and +3%, the
HO, concentration +20% and —10%, respectively. In MIM the two species are lumped
together.

Although 493 more explicit reactions were considered in the extensive isoprene
chemistry scheme of the MCM, similar results were obtained as for the lumped mech-
anism MIM (Fig. 12). The reduced chemical mechanism of MIM was developed on
the basis of the MCM (Poeschl et al., 2000) and the results in Fig. 12 confirm that the
MIM performs well within the original objective. Neither the simplification of the MIM
chemistry nor the assumptions made for the MCM simulations explained the discrep-
ancies between models and observations. Possible explanations might lead to more
fundamental chemistry (D. Taraborrelli, personal communication, 2008) or e.g. to seg-
regation effects (Butler et al., 2008).
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4.3 Testing the HO, cycling mechanism in MECCA

The HO, cycling mechanisms are illustrated in Fig. 13. In the remote troposphere OH
is converted to HO, mainly via carbon monoxide and recycled from HO, by reactions
with nitric oxide and ozone. However over the rainforest, OH is removed by reactions
with the emitted VOC, producing peroxy radicals. These peroxy radicals react either
with other peroxy radicals or NO forming HO,, or with HO, producing peroxides. To-
tal radical loss from the radical cycle occurs by removing OH, RO, and HO, from the
system. One major loss pathway over the rainforest is the formation of organic per-
oxides. Although the photolysis of peroxides is also a source of radicals, this channel
is minor compared to the radical production via photolysis of ozone and reaction with
water vapour, or the photolysis of HCHO. Organic peroxides are also removed from the
system by dry deposition (Stickler et al., 2007).

One possible reason for the underestimation of OH and HO, in the model is an
overestimation of modelled radical removal through the production of organic perox-
ides, especially the peroxides of isoprene and MACR+MVK (ISOOH, MVKOOH). For
isoprene mixing ratios >2 ppbV, which are typical for the afternoon over the rainforest
at altitudes <1km, about 50% of all RO, form ROOH, the other 50% forming HO,
(branching ratio: (RO,—ROOH)/(RO,—HO,+HCHO)=1.03+0.22). Since photolysis
of organic peroxides is negligible for radical production, the sensitivity of HO, to the
reaction rate of HO, with RO, can be investigated by taking these reactions out of the
model. For the HO, concentration this modified simulation leads to an enhancement
factor of 2.5+0.2 at maximum isoprene mixing ratios of (5.6+0.4) ppbV, improving the
comparison with the observation. However the influence on OH is small, leading to an
increase only by a factor of 1.2+0.1.

By constraining the HO, concentration to the observations, OH increases only by a
factor of 1.7+0.2. Thus the enhancement of HO, in the model does not imply an in-
crease of OH sufficient to describe the observations, which instead requires additional
recycling from HO, to OH in the model or additional direct sources for OH, as also
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proposed by Tan et al. (2001).

An additional OH recycling reaction, HO,+X—OH+X’, is a possible pathway to
increase the simulated OH concentration. According to Hasson et al. (2004), certain
alkyl peroxy radicals react with HO, yielding OH (Reaction R8):

RO, + HO, — ROOH + O, , (R6)
— ROH + 03 , (R7)
— RO +OH +0O,. (R8)

Such reactions would also decrease the organic peroxides which were overestimated
by MECCA for GABRIEL (Stickler et al., 2007). Hasson et al. (2004) examined the
additional Reaction (R8) for ethyl peroxy (C,H50O,), acetyl peroxy (CH;C(O)O,) and
acetonyl peroxy (CH3C(O)CH,0,) radicals, finding a yield of 40% for acetyl peroxy
radicals. Further studies concerning this type of reaction by Dillon and Crowley (2008)
and Jenkin et al. (2007) showed similar results and typical yields of about 50% or
higher. To assess the effect of this additional OH recycling, all RO, reactions with HO,
were modified in MECCA without distinction between different species. The branching
ratio was varied between 50% and 90%, the latter obviously an upper limit. Never-
theless, even for the largest branching ratio the observed OH concentrations are still
not reproduced. For the highest observed isoprene mixing ratios of (5.6+0.4) ppbV
the modification of MECCA produces maximum factors of 1.42+0.04 and 2.42+0.24
more OH for yields of 50% and 90% compared to the base runs (Fig. 14). This effect
is still too small compared to the factors up to 13 needed to reproduce the measured
OH concentrations under conditions of high isoprene. For HO, similar enhancement
factors are obtained with 1.35+0.06 and 1.99+0.21 for the two OH yields, while factors
of 3.7 are needed to reproduce the observations.

Another possible source of OH is the photolysis of organic peroxy radicals by near-
infrared radiation via intramolecular rearrangement producing OH or HO, (Frost et al.,
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1999):

RO, + hv — R'O + OH, (R9)
—R" +HO, . (R10)

The photolysis frequency was assumed to follow that of NO3 with values of 103t0 107"
times J(NO3). The additional photochemical reactions were implemented in the model
for all RO, to produce 100% OH via Reaction (R9), while no reaction channel to pro-
duce HO, was included. The highest photolysis frequency was chosen for the sim-
ulation shown here to obtain an upper limit (Fig. 14). For isoprene mixing ratios of
(5.6+0.4) ppbV the model with the additional chemistry leads to enhancement factors
of 2.65+0.56 for OH and 1.08+0.02 for HO, compared to the base run. This is again
insufficient to reproduce the observed HO, concentrations, even though the results
represent an upper limit.

None of the proposed reaction amendments alone is sufficient to reproduce the mea-
sured data in the model. As a further step, both OH recycling reaction of RO, with HO,
and infrared photolysis of RO, were included in the model reaction scheme with maxi-
mum yields for OH (90% yield for Reaction R8 and 107" -J(NO3) for Reaction R9). Even
then, simulated HO, remains too low with enhancement factors of 5.1+1.1 for OH and
2.1£0.2 for HO,.

Ozonolysis of monoterpenes can also be an OH source (Tan et al., 2001) and is not
considered in the model. As monoterpene emissions show a similar diurnal depen-
dence as those of isoprene (Williams et al., 2007) their contribution to the OH con-
centration over the rainforest would be strongest in the afternoon. For the GABRIEL
campaign a- and (-pinene were measured with maximum mixing ratios of the order of
200 pptV. Ozonolysis of monoterpenes was estimated to be about 10° moleccm™3s™'
(Atkinson et al., 2005) over the rainforest in the afternoon, which is negligible com-
pared to the primary production term (R1) of 3x10° moleccm™s™'. The influence
of monoterpenes and sesquiterpenes has been studied in detail by Ganzeveld et al.
(2008), who compared the GABRIEL data with a single-column model, also concluding
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that ozonolysis of these species does not eliminate the large discrepancies between
modelled and observed OH.

4.4 HO, budget

An overview of the most relevant reactions for the HO, budget in MECCA is given in
Tables 7 and 8 to identify the main processes of the production and loss terms of OH
and HO, for four groups of data. Case 1 is based on observations in the boundary layer
over the rainforest, at altitudes lower than 1 km, in the morning (08:00—11:00 LT). Data
from the same location in the afternoon (14:00-17:00LT) are analysed in the second
group. Data from the free troposphere over the ocean at an altitude of 2—4 km around
noon (11:00-14:00LT) are used for case 3, and data collected over the rainforest in
the afternoon at the same altitude for case 4. Only the cases with at least 6 data
points are discussed. Data at altitudes higher than 4 km are not considered, owing
to the unavailability of measurements of peroxides, which become important for HO,
chemistry as H,O concentrations decrease.

The primary production of OH in the lower troposphere is the photolysis of ozone fol-
lowed by reaction with water vapour. Primary production rates are of the order of 40%—
60% of the total production. The NO mixing ratios are highest in the morning bound-
ary layer over the forest with (65+57) pptV, compared to (13+9) pptV, (10+3) pptV and
(8+4) pptV for the other three cases, respectively. In the morning, solar radiation is still
low and the OH radical recycling by reaction NO+HO, is comparable with the primary
OH source. For all other cases the OH recycling via reaction of HO, is weak compared
to the primary production. As the emissions of BVOCs increase during daytime, these
compounds and their oxidation products increasingly influence the OH chemistry. The
recycling of OH via the reactions of isoprene peroxides ISOOH+OH? in MIM is one
of the major conversion mechanisms in MECCA and illustrates their importance to the
chemistry of isoprene. The loss of OH in the boundary layer, according to MECCA, is

2|ISOOH+0OH—MVK+OH
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dominated by the reaction with isoprene. As isoprene concentrations increase during
the day, the proportion of this reaction with respect to the total loss increases to 62%
in the afternoon and is even more important than the primary production term (53%).
When less isoprene is available, the removal of OH by CO and peroxides becomes
more significant.

The recycling reactions of RO,+NO are the dominant processes for HO, production
in the morning boundary layer over the forest (case 1), when NO concentrations are
relatively high. When irradiation increases, photolysis of formaldehyde becomes an
important source of the HO, radical (case 2). In the free troposphere the main source
of HO, is the reaction of OH with carbon monoxide. Recycling of OH by the reaction
NO+HO, dominates the loss of HO, when morning NO is high within the forest bound-
ary layer, initially not leading to radical loss. For the remaining cases the reaction with
peroxy radicals and the self reaction, producing peroxides, are the major loss terms for
HO,. Since the photolysis of peroxides is slow to produce radicals, the production of
peroxides effectively leads to removal of two radicals per reaction from the system.

Interconversion of HO, and OH via reactions with e.g. NO, O5, CO and VOC (Fig. 13)
can be characterized by the chain length of the reactions cycling between these two
radicals. The HO,/OH ratio in the forest boundary layer in the morning (case 1) shows a
mean value of 127+34 at mean NO mixing ratios of (65+57) pptV. The value is compa-
rable to results from Tan et al. (2001), who found HO,/OH ratios of 80—120 for mean NO
levels of 65.8 pptV over deciduous forest in northern latitudes. Simulation by MECCA
slightly overestimates the ratio with HO,/OH=156+45. For the forest boundary layer in
the afternoon (case 2) values of HO,/OH=234+44 were observed for mean NO mixing
ratios of (13+9) pptV . The model overestimates this ratio of HO, to OH by a factor of
3.2+0.8, OH being underestimated more severely than HO, in the simulations. How-
ever, the correlation with the isoprene mixing ratio observed for OH and HO, (Fig. 12)
is not significant for the ratio (Fig. 15) since the effect of isoprene on OH and HO, is
similar for both radicals. The analysis of the different reactions relevant for the HO,
budget (Table 7) shows that isoprene and its peroxy radicals are the major compounds
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responsible for HO, loss (~50%) in the afternoon forest boundary layer. OH is directly
removed by reaction with isoprene, producing the peroxy radical 1SO,, which either
removes HO, from the system, forming the peroxide ISOOH (60%), or produces HO,
and formaldehyde by reactions with RO, or NO (40%).

4.5 Recycling probability and missing source strength for OH

To determine the recycling strength of the chemical system, the recycling probability
has been calculated. The OH recycling probability r is defined as (Lelieveld et al.,
2002):

S
"=Prs (1)
with P and S being the primary and secondary production, respectively. The pri-
mary production is considered to be only the reaction of O(1D)+H20, whereas
photolysis of peroxides and recycling reactions of HO, are assumed to be sec-
ondary productions terms, as the reactants are oxidation products in the OH oxida-
tion chain. The base simulation of MECCA vyields P=3.12x10° moleccm™s™" and
5=1.94x10° moleccm™ s~ and therefore r=0.38 for boundary layer values over the
forest in the afternoon (case 2). The total loss term L in steady state simulations is
equal to the total production term G with L=G=P+5=5.06x10° moleccm™>s™". Cal-
culations using measured higher OH and HO, with the same chemical mechanism
leads to P=3.12x10° moleccm™s™' and $=3.53x10° moleccm™>s™". The total pro-
duction term is therefore G=6.65x10° moleccm™3s™" compared to the total loss term
of L=56.64x10° moleccm™s™", calculated with MECCA for the HO, observations.
Thus, a production rate term of the order $*=5x10"moleccm™>s™" is missing. Adding
the missing term as secondary production would lead to a recycling probability due to
the observation of r=0.94. Considering that this value of r is very high, it may be specu-
lated that part of the missing OH formation is related to primary formation involving Os.
Previously it has been indicated that reactions of O5 with reactive terpenes might be
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important (Tan et al., 2001; Di Carlo et al., 2004; Goldstein et al., 2004). Alternatively,
O3 may react with reaction products in the isoprene degradation pathway, produce OH
and reduce the discrepancy, which would moderate the OH recycling probability.

The missing term S™ is comparable to the loss rate due to isoprene. By neglect-
ing the entire isoprene chemistry in the box model MECCA, good agreement between
simulations and HO, observations is obtained, independently of the isoprene concen-
trations that were observed (Fig. 16). This indicates that the reason for the model un-
derestimations rather lies in the oxidation mechanism of isoprene than in missing direct
sources. An observed to modelled ratio of 1.26+0.48 for OH is found for all measured
isoprene mixing ratios. The situation for HO, is somewhat different. For low isoprene
(<200 pptV) the model now tends to overestimate HO,, but is still well described within
the uncertainty (0.86+0.32). In contrast to OH, the dependence on the isoprene con-
centration is still discernable, though small, possibly indicating an additional influence
on HO, by other trace gases also dependent on the time of day.

Butler et al. (2008) analysed the GABRIEL dataset using a global model. Analogous
to the implementations of Reaction (R8) in our model, they introduced a modification
of the reaction of the isoprene peroxy radical ISO, with HO, producing n-OH in their
reaction scheme:

ISO, + HO, — ISOOH + nOH . (R11)

An optimum number of n=2 was derived to best reproduce the OH observations. For
our constrained box model the best agreement between observation and simulation
was found for n=3.2 (Fig. 17). A mean measured to modelled ratio of 0.99+0.25 was
obtained for OH and the dependence on isoprene disappeared.

Reaction (R11) should be understood as a proxy for additional recycling within the
isoprene chemistry. The equivalent reaction:

ISOP + OH —> SO, + mOH (R12)

with best agreement for m=1.3 shows that regarding the initial step in the oxidation
mechanism more OH has to be produced than destroyed. A mean value for the ob-
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served to model ratio of 1.37+0.52 was calculated (Fig. 17). Additional sources of
OH, comparable and correlated to the isoprene sink are needed to describe the obser-
vations. Unknown OH recycling within the isoprene oxidation mechanism seems the
most likely way to provide the additional OH source, leading to a much larger oxidation
capacity of the atmosphere over the tropical rainforest.

5 Conclusions

Higher HO, concentrations over the tropical rainforest during the GABRIEL cam-
paign were observed than predicted by the box model MECCA constrained by mea-
surements. Observations and simulations agree fairly well for the free troposphere,
whereas maximum deviations were found for low altitudes (<1km) in the afternoon
with mean discrepancy factors of 12.2+3.5 and 4.1+1.4 for OH and HO,, respectively.
These discrepancies are strongly correlated to isoprene emitted by the rainforest. How-
ever, the OH/HO, ratio does not show a significant dependence on isoprene, as OH
and HO, are similarly influenced by isoprene. Simulations with the more detailed iso-
prene mechanism of the MCM leads to similar results as the MIM chemical reaction
scheme, indicating that the original objective of using a condensed mechanism to re-
produce the results of the MCM is still met.

Radical loss from the system via removal of RO, producing organic peroxides, ap-
pears to be about 50% for air in the afternoon boundary layer. Sensitivity studies elim-
inating the production of organic peroxides increase the HO, and OH concentrations,
but not sufficiently to achieve agreement with the observations.

Enhancement of photolysis frequencies of organic peroxides by unlikely factors of
10° do not provide a sufficient source for HO,. Constraining the model to measured
HO, enhances OH, but is also insufficient to match observations. Therefore, an addi-
tional production channel of OH is needed to explain the OH observed over the rainfor-
est. Modification of the chemistry scheme of MECCA could not sufficiently enhance the
the simulated HO,, concentration, either by recycling of OH through reaction of peroxy
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radicals with HO, or through infrared photolysis of peroxy radicals, or by combing the
two.

The major OH and HO, sources over the rainforest (<1 km) in the afternoon are the
reaction of O(1 D)+H,0 and the photolysis of HCHO. When available in the atmosphere,
isoprene and its oxidation products strongly influence the OH chemistry leading to a
loss rate of OH in the model comparable to the primary production rate. A recycling
probability of r=0.38 follows from the standard simulation, whereas a value of up to
r=0.94 is needed to explain the observations. An OH source stronger than the loss rate
owing to ISOP+OH is evidently missing in the chemical mechanism based on current
understanding (S"=5><1O7 moleccm ™ s'1). By neglecting the isoprene chemistry in
MECCA, the underestimation of the HO, simulations disappears. This leads to the
hypothesis that the recycling of OH, mainly in the isoprene oxidation mechanism, is
more efficient than predicted by the current reaction schemes. The additional recycling
reaction via ISOP+0OH—ISO,+m-OH with m=1.3 improves the agreement with the OH
observations, and further investigations to unravel the detailed chemical mechanisms
are recommended.
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Table 1. Overview of flights performed during GABRIEL.
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Flight Date Time of Day
GO1 3 Oct 2005 afternoon
G02 5 0ct 2005 noon
G03 6 Oct 2005 afternoon
Go4 7 Oct 2005 noon
G05 8 Oct 2005 noon
G06 10 Oct 2005 afternoon
G07 11 Oct2005 morning
G08 12 Oct 2005 afternoon
G09 13 Oct 2005 afternoon
G10  150ct2005 morning
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Table 2. Overview of the species observed and measurement techniques used during the ACPD
GABRIEL campaign.
8, 15239-15289, 2008

Species Technique not measured for flight

OH? LIF® GO1 HO, over the tropical
HO, ® LIF GO1 rainforest: box model
J(NO,) filter radiometry results

NO chemiluminescence Go01, G05, G10

O4 chemiluminescence GO1 D. Kubistin et al.
HCHO QLAS® G02

CcO QLAS Go02

ROOH®® derivatisation and fluorimetry  G01, (G05, G07)

H,0, ° derivatisation and fluorimetry  G01, G05, GO7

Isoprene' PTR-MS? G01, G05

MVK+MACR"  PTR-MS GO1, GO5

Acetone' PTR-MS GO1, GO5

Methanol’ PTR-MS GO1, GO5

H,O LI-COR' G02, G07

& Martinez et al. (2008)

® laser induced fluorescence

‘quantum cascade laser absorption spectroscopy
4 sum of organic peroxides

© Stickler et al. (2007)

" Eerdekens et al. (2008)

9 proton transfer reaction mass spectrometry

" sum of methylvinylketones and methacrolein
"infrared absorption spectrometry

40
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Table 3. Mixing ratios of species which were not measured during the GABRIEL campaign

and were fixed for simulation (ppmV=107° M ' ppby=107° ma, pptv=10""2 mal). Mixing ratios

of alkanes and alkenes were set to zero for altitudes >2 km, except for CH,. Table taken from
Stickler et al. (2007).
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Species  Mixing ratio Reference
<2km/>2km

C,H, (650/0)pptV ~ GTE ABLE 2A, Manaus, Brazil (Zimmermann et al., 1988)

C,Hg (794/0) pptV ~ LBA-CLAIRE98 campaign, IMAU (Univ. Utrecht, The Netherlands)
CsHg (83/0) pptV LBA-CLAIRE98 campaign, IMAU (Univ. Utrecht, The Netherlands)
C4Hg (83/0) pptV LBA-CLAIRE98 campaign, IMAU (Univ. Utrecht, The Netherlands)
C4Hqo (28/0) pptVv LBA-CLAIRE98 campaign, IMAU (Univ. Utrecht, The Netherlands)

CH, 1.7 ppmV NOAA CMDL Gilobal Trends, ESRL Global Monitoring Division
Co, 377 ppmV NOAA CMDL Gilobal Trends, ESRL Global Monitoring Division
H, 563 ppbV Schmidt (1974, 1978)

HNO, 0
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Table 4. Sensitivity studies with MECCA concerning the constrained measured species. Con-
centrations are mean values for the forest boundary layer (<1km) in the afternoon (14:00—

ACPD
8, 1523915289, 2008

HO, over the tropical
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17:00LT).

OH OH HO, HO,
(molec/cm®) 10(%) obs/mod (molec/cm®) 10(%) obs/mod

Observation 43.9x10° 21 1.0 10.2x10° 19 1.0
Reference Run 3.84x10° 32 12.2+3.5 2.63x10° 24 41+1.4
0.5 Isoprene 5.75x10° 31 8.1+22  2.78x10° 24 3913
0.5 (MACR+MVK)  3.98x10° 31 11.8+43.4 2.64x10° 23 41x1.4
2 O, 6.24x10° 33 75+21  2.79x10° 24  39+14
2 NO 4.42x10° 32  10.7+3.4 2.90x10° 23 3.7+1.3
2 H,0 5.55x10° 33 8.4+23  2.53x10° 24  43x15
0.5CO 3.84x10° 33  122+35 258x10° 24  42x14
3 H,0, 4.60x10° 37  105+32 2.73x10° 25  4.0+1.4
2 HCHO 3.96x10° 30 11.8+35 3.57x10° 25 3.1x1.1
0 Alkane 3.92x10° 32  11.9+34 2.63x10° 23 41x14
0.3 ROOH 3.74x10° 32 12636 2.60x10° 23 4.2+1.4
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Table 5.

Isoprene mechanism in MECCA. The entire chemical mechanism is described in

the accompanying electronic supplement (http://www.atmos-chem-phys-discuss.net/8/15239/
2008/acpd-8-15239-2008-supplement.pdf).

ISOP+0,

ISOP+OH
ISOP+NO;

IS0, +HO,
1SO,+NO

1SO,+CH,0,

1SO,+1S0,
ISOOH+0OH
ISON+OH
ISOOH+hv
ISON+hv
MVK+0Og4

MVK+OH

MVKO,+HO,
MVKO,+NO

MVKO,+NO,
MVKO, +CH,0,

MVKO,+MVKO,
MVKOOH-+OH

MVK+hv
MVKOOH+hv

Lorrrr |

LI

[

—

—

—
—
—

0.28 HCOOH+0.65 MVK+0.1 MVKO,+0.1 PA+0.14 CO+0.58 HCHO+0.09 H,0, +
Z1013

+0.08 CHy0,+0.25 0H+0.25HO,, k=7.86x10"""e 7

1SO,, k=2.54x10""" "
ISON, k=3.03x10""2 "
ISOOH, k=2.22x10" """

0.956 NO,+0.956 MVK+0.956 HCHO+0.956 HO, +0.044 ISON,
k=2.54x10""2 %
0.5 MVK+1.25 HCHO+HO, +0.25 MGLO+0.25 ACETOL+

+0.25 CH,0H, k=2.0x10""2
2MVK+HCHO+HO,, k=2.0x10""2
MVK+OH, k=1.0x10""°
ACETOL+NACA, k=1.3x10""
MVK+HCHO+HO, + OH J=Jon,00H
MVK+HCHO+NO,+HO, J=37Jp,

0.45 HCOOH+0.9 MGLO+0.1 PA+0.19 OH-+0.22 CO+0.32 HO,,
k=0.5(1.36x10""° e 7 +7.51x107 "% = '7")

MVKO,, k=0.5(4.1x10""2 7 +1.9x107"" )

MVKOOH, k=1.82x10""3 "%

NO,+0.25 PA+0.25 ACETOL+0.75 HCHO +0.25 CO+0.75 HO, +0.5 MGLO

k=2.54x10""2 o7

MPAN, k=0.25Ks,4(T. M, 9.7x1072°,5.6,9.3x107"%,1.5,0.6)
0.5MGLO+0.375 ACETOL+0.125 PA+1.125HCHO+0.875 HO,+0.125 CO+

+0.25 CHZ0H, k=2.0x10""2

ACETOL+MGLO+0.5 CO+0.5 HCHO+

+HO,, k=2.0x10""2

MVKO,, k=3.0x10""2

PA+HCHO+CO+HO, J=0.019 Jgon,+0.015 Uy cocHo

OH+0.5 MGLO+0.25 ACETOL+0.75 HCHO+0.75HO,+0.25 PA+0.25 CO
J=Jen,00H

ISOP = isoprene, ISO, = isoprene (hydroxy) peroxy radicals, ISOOH = isoprene (hydro) peroxides, ISON = organic nitrates from ISO, and ISOP+NO3,

MVK = methylvinylketone + methacrolein, MVKO, = MVK / MACR peroxy radicals, MVKOOH = MVK / MACR hydroperoxides, MGLO = methylglyoxal,

PA = peroxy acetyl radical, NACA = nitro-oxy acetaldehyde, MPAN = peroxymethacryloyl nitrate + peroxymethacrylic nitric anhydride, ACETOL = hydroxy

acetone.

Reactions are taken from the MECCA vO0.1p.

o e )

ko(T)[M
krg (T. 1M1 K3 . k3O, m. 1) =ko(T) M] (1+ %) A ,

KoM=k (30", koo (T)=k° x(322)™ .
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Table 6. Sensitivity studies of the photolysis frequencies concerning the isoprene chemistry
of the MCM. Concentrations are mean values for the forest boundary layer (<1km) in the

afternoon (14:00-17:00 LT).

ACPD
8, 15239-15289, 2008

OH OH HO, HO,
(molec/cms) 10(%) obs/mod (molec/cms) 10(%) obs/mod

Observation 43.9x10° 21 1.0 10.2x108 19 1.0
Reference Run 3.71x10° 26 13.2+3.9  3.00x10° 23  3.8x1.3
10°.J(MACR,)? 2.48x10° 39 21.5+104 32.2x10° 21 0.4+0.1
107%.J(MACR;g) 3.67x10° 27 13.3£3.9  2.84x10° 24  4.0x14
10%.J(MACR;,)° 0.17x10° 47 338+183  29.6x10° 21 0.40.1
107%.J(MACR;) 3.71x10° 26 13.2+3.8  2.79x10° 24  39+14
10%J(MVK,,)° 4.48x10° 26 11.0+¢3.7  8.79x10° 22 1.320.5
1073.J(MVK,,) 3.71x10° 26 13.2+39  2.99x10° 23 3.8+1.3
10%.J(ISOPBOOH)®  4.62x10° 26 10.5¢2.9  3.73x10° 21 3.0+1.0
107%.J(ISOPBOOH)  3.68x10° 26 13.3+4.0  2.97x10° 24  3.8x1.3
10%J(ISOPDOOH)®  4.16x10° 26 11.7+3.4  3.27x10° 23 35+12
107%. J(ISOPDOOH)  3.70x10° 26 13.2+39  2.99x10° 23  3.8+13
10°.J(CH3O0H,,)' 4.06x10° 25 12.0£34  3.29x10° 22 3.4x11
107%.J(CH;O0H,;) 3.70x10° 26 132439  2.98x10° 24 3813

results

D. Kubistin et al.

4 MACR+hv—CH;CO4+HCHO+CO+HO,

® MACR+hv—MACO,4+HO,
° MVK+hv—CHzCO5+HCHO+CO+HO,

9 ISOPBOOH+hv—ISOPBO+OH; J(ISOPBOOH)=J(CH;00H,,)
¢ ISOPDOOH +hv—ISOPDO +OH; J(ISOPDOOH)=J(CH;O0H,,)

" CHy00H+hv—CHZ0+OH

15270

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 7. OH budget based on a model analysis of measurement data. ACPD

8, 15239-15289, 2008

case 1: case 2: case 3: case 4:
land morning BL land afternoon BL ocean noon (3.5+0.3)km land afternoon (3.3+0.4) km
6 datapoints 23 datapoints 8 datapoints 20 datapoints HOX over the tropi cal
production rate 8.2x10° fojee 5.9x10° Mo 11.2x10° Dolec 5.0x10° Molec rainforest: box model
results
H,0+0('D) ] 36% [ 53% [mm—— 61% [ 55%
NO+HO, I 46% W 13% M 9% M| 9% D. Kubistin et al.
ISOOH+OH | 10% Bl 15% 0% M 9%
H,0p+hv | 4% M 11% . 19% . 15%
HO,+0j 1 2% | 4% N 6% M 8%
ISOOH+hv \ <1% | 2% 0% | <1% g
ISOP+0, \ <1% | 2% 0% <1%
remaining | 2% | 2% N 5% I 4% ! !
loss rate —8.2x10° molec —5.9x10° molec —11.2x 106 molec —5.0x10° molec
Isop+OH I 39% I 62% 0% 14%
CO+OH N 13% 1 4% m— 35% 255  [Wdabies | [WFigires ]
ISOOH+0OH | 10% B 15% 0% M 9%
CH,+OH [ | 6% | 2% M 12% M 9%
ARV o ze ol > N
MGLO+OH 1 3% | 3% | 1% | 3%
HCHO+OH | 3% | 2% W 7% 1 3% R
MVKOOH+OH | <1% | <1% N 5% N 6%
CH;O0H+OH | <1% <1% M 10% W 6% ! !
H,O0,+OH | 1% | <1% | 10% 0 5%
remaining | 19% 0 6% [l 19% Bl 15% g
OHobserved  (5.3+1.6)x10° Mlee  (4.4:0.9)x10° molec (12.5:1.1)x10° melee (5.2:£1.6)x 10° melec
OH modelled  (2.1+0.8)x10° M2 (0 410.1)x10° molec (10.120.7)x 108 molee (3.2+2)x10° molec g
cm cm cm cm
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Table 8. HO, budget based on a model analysis of measurement data. ACPD

8, 15239-15289, 2008

case 1: case 2: case 3: case 4:
land morning BL land afternoon BL  ocean noon (3.5+0.3)km land afternoon (3.3+0.4) km
6 datapoints 23 datapoints 8 datapoints 20 datapoints .
- - - - HO, over the tropical
production rate 6.4x10" T2 4.3x10° 222 9.2x10° T2 3.4x10° T2 rainforest: box model
results
HCHO+hv | 13% . 36% Wl 15% 18%
CO+OH | 17% N 6% [ 42% . 35% D. Kubisti
. Kubistin et al.
ISO,+NO [ 32% 22% 0% | 3%
1ISO,+1S0, | 1% W 8% 0% | <1%
CH30,+NO [ | 15% N 5% N 6% M 8%
MVKO,+NO | 3% | 3% | <1% | 2% g
HCHO+OH 1 4% | 2% W 8% I 4%
ISOOH+hv \ <1% | 3% 0% | <1%
CHyH0,+NO 1 ol <1 0 <is,  Abstract Iniroduction
H,0,+0H I 1% | <1% 12% M 8%
remaining - 14% 16% 16% 22% ‘Conclusions  References
loss rate -6.4x10° mole ~4.3x10° molec -9.2x10° molec -3.4x10° molec ! !
cmes cm°s cmes cmes

NO+HO, s 59% W 17% M 12% M 13%
NS 0 . = b
1SO,+HO, | 15% [ 44% 0% 15%
HO,+HO, ] 17% . 21% — 48% - 30% ! !
CH;0,+HO, | 2% | 3% Wl 16% M 13%
MVKO,+HO, | 2% N 6% N 6% M 1% ! !
HO,+OH | 1% | <1% | 9% I 4%
remaining I 1% | 1% | 2% | 3% g
HO, observed  (6.3+0.5)x10° T (10.241.9)x10° A% (5.7:£0.6)x10° melee (4.7:£1.5)x10° melee
HO, modelled  (2.9+0.2)x10° Molee  (2.6::0.6)x 10° melee (7.021.2)x10° melee (3.3+1.3)x10° molee g
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latitude (°N)

60 58 56  -54 52 50
longitude (°W)

Fig. 1. Flighttracks over the Guyanas during the GABRIEL campaign (map taken from Earth
Science Data Interface (ESDI), University of Maryland).
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ACPD

9 9 9
8 8 8 8, 15239-15289, 2008
7 7 7
26 26 26 .
&, &, & HO, over the tropical
[} [} [0} =
S4 S4 S, rainforest: box model
= S, = results
2 2 2 o
N 1 1 D. Kubistin et al.
% 10 20 % 20 % 10 20
observed OH observed OH observed OH
(106 molec/cms) (106 molec/cms) (106 molec/cm3) _
9 9 9
. R Y ! !
7 7 7
£ E &
50 0 20
e
T3 T3 T3
% 20 % 10 20 % 10 20
observed OH observed OH observed OH _
(106 molec/cm3) (106 molec/cms) (106 molec/cm?’)
Fig. 2. OH (30s average) observed for all flights as a function of altitude. The thick line denotes _
the mean values in 500 m bins. Upper row represents the situation over the ocean for different _
times of the day (left to right panel), lower row shows the situation over land. 4444444444444444J

15274


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

Ocean ACPD
9 9 9
“+ 8-11L +11-141L 14-171LT
8 8 8 8, 15239-15289, 2008
7 7 7
26 ge' 26 ]
g g S HO, over the tropical
[} [} [} -
S4 34 34 rainforest: box model
S5 S, T results
: : - ’ D. Kubistin et al
N 1 . . Kubistin et al.
% 10 20 % 10 20 % 10 20
observed HO2 observed HO2 observed HO2
(108 molec/cm3) (108 molec/cm3) (108 molec/cm3) _
9 9 9
- 8-11L +11-141L 14-17L
71 7 7
£ gl g
55 e ES 55
T3 T3 T3
G0 10 20 GO 10 ] 20 GO 10 20
observed HO2 observed HO2 observed HO2 _
(108 molec/cmg) (108 molec/cm3) (108 molec/cms)
Fig. 3. HO, (30s average) observed for all flights as a function of altitude. The thick line _
denotes the mean values in 500 m bins. Upper row represents the situation over the ocean for
different times of the day (left to right panel), lower row shows the situation over land. _é
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~N

altitude (km)

N W b~ a1 O

15
H,O (ppmV) 4

Fig. 4. Observed H,O (1 s resolution) data for all flights as a function of altitude. The thick grey
line denotes the mean values for 100 m bins, the thin grey line the standard deviation.
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Fig. 5. Calculated heterogeneous removal rate khet(H,O,) as a function of altitude, as caused

by wet and dry deposition processes.
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Fig. 6. Observed and modelled data for hydrogen peroxide (H,O,=HOOH) and total organic
peroxides (2 ROOH). The solid line represent perfect agreement, the dashed lines bound the

1 o confidence level (1 o-CL).
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Fig. 7. Measurement locations of datapoints used to model OH and HO,. The black line
represents the coastline.
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Fig. 8. Ratio of observed to simulated OH and HO,. The black line represents the coastline.
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Fig. 9. Error estimates for the simulations due to measurement uncertainties. The solid line
represents the perfect match of simulation and observations. The dashed lines correspond to
ratios of 1:2 and 2:1. Red points illustrate deviations by more than a factor of 2*'.
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Fig. 10. Comparison of measurements and model results as a function of time, divided into
two altitude regions: boundary layer (BL)<2 km and free troposphere (FT)>2 km.
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Fig. 11. Observed isoprene mixing ratios with their measurement uncertainties for altitudes

<1km over the rainforest.
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Fig. 12. Deviations between observations and model results as a function of isoprene mixing

ratios.
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Fig. 13. Schematic representation of HO, cycling.
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Fig. 14. Comparison of observed and modelled HO, based on selected changes in the
MECCA chemistry scheme. Values are binned in isoprene mixing ratios (x) of Aln x=0.5.

(3

151 » 50% OH yield from RO, + HO, 115
» 90% OH yield from RO2 + HO2
= k=0.1 - J(NO,) from RO, + h v = HO, over the tropical
= = X
TS10] k=01 -J(NO,) fromRO,+hv& hosE
D -
=E 90% OH yield from RO, + OH o rainforest: box model
g2 || o observation/model MIM 2 results
=E SE
C>m C)m ..
= 5r B B D. Kubistin et al.
:i: * f 4 oowow
B B g B BB v s v > »ro»
0 ‘ ‘
Isoprene (pptV)
» 90% OH yield from RO2 + HO2 ! !
= k=0.1 - J(NOS) from RO2 +hv =
EE 10l k=01 - J(NOS) from RO, +hv & *10§§ ! !
e 90% OH yield from RO, + OH g
E% © observation/model MIM o
NS Ikl
| | e
O 5p R ]
. | W T BN BN
e @ B B R & é t ﬁ > ; E ﬁ

15286


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

Fig. 15.
isoprene.

~
o

L L
o
a

OH/HO2observed
OH/HO2 modelled
w
B

N
T
o
I

[
d
=

10 10 10 10
Isoprene (pptV)

Deviation of the ratio OH/HO, between observation and model as a function of

15287

ACPD
8, 1523915289, 2008

HO, over the tropical

D. Kubistin et al.

(&)
()


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/15239/2008/acpd-8-15239-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

20

5 MIM

° MIM without isoprene chemistry

15r oo
@% ot
&lo10r o b
i s
5 %

@
57 a 5 DD DD |
4r Bn g o o 7
3r © o DEDD o ° o° T
2F L 833 o . 0o ° o @ % 7
e T
O L L L
10 10° 10° 10
Isoprene (pptV)
20 w w

s MIM

o MIM without isoprene chemistry

15- 1
o
2310l |
5lE10
N
©) o 5
ja={an} o

57 o DDD o DDD 7
37 . a DS %0 B% 4
[ 0o & o ; oTBE, B i
2/ R A Y
1 55 TR -
0 L 1 L 2 L
10 10 10 10

Fig. 16. Ratio of observed and modelled OH and HO, concentrations as a function of isoprene
and other conditons observed simultaneously with isoprene.
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