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Hydroxyl radicals in the tropical troposphere over the Suriname rainforest:
comparison of measurements with the box model MECCA

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 hydrocarbons 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 HOx budget (HOx = OH + HO2). The first
observations of OH and HO2 over a tropical rainforest are compared to steady state concentrations
calculated with the atmospheric chemistry box model MECCA. The important precursors and sinks for
HOx chemistry, measured during the campaign, are used as constraining parameters for the simulation of
OH and HO2. Significant underestimations of HOx 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 HO2, 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 altitudes >3 km), observation and simulation
agree fairly well, for mixing ratios >200 pptV (rainforest) the model tends to underestimate the HOx
observations as a function of isoprene. Box model simulations have been performed with the condensed
chemical mechanism of MECCA and with the detailed isoprene reaction scheme of MCM, resulting in
similar results for HOx concentrations. Simulations with constrained HO2 concentrations show that the
conversion from HO2 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 chemistry 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 produces itin a
similar amount. Several additional reactions which directly produce OH have been implemented into the
box model, suggesting that upper limits in producing OH are still not able to reproduce the observations
(improvement by factors of =2.4 and =2 for OH and HO2, 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.
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Abstract. As a major source region of the hydroxyl radical Box model simulations have been performed with the
OH, the Tropics largely control the oxidation capacity of condensed chemical mechanism of MECCA and with the
the atmosphere on a global scale. However, emissionsletailed isoprene reaction scheme of MCM, resulting in
of hydrocarbons from the tropical rainforest that reactsimilar results for HQ concentrations. Simulations with
rapidly with OH can potentially deplete the amount of OH constrained H@ concentrations show that the conversion
and thereby reduce the oxidation capacity. The airborndrom HO, to OH in the model is too low. However, by
GABRIEL field campaign in equatorial South America neglecting the isoprene chemistry in the model, observations
(Suriname) in October 2005 investigated the influenceand simulations agree much better. An OH source similar
of the tropical rainforest on the HObudget (HQ = to the strength of the OH sink via isoprene chemistry is
OH+ HOy). The first observations of OH and HO needed in the model to resolve the discrepancy. A possible
over a tropical rainforest are compared to steady stateexplanation is that the oxidation of isoprene by OH not only
concentrations calculated with the atmospheric chemistrydominates the removal of OH but also produces it in a similar
box model MECCA. The important precursors and sinks foramount. Several additional reactions which directly produce
HOx chemistry, measured during the campaign, are usedH have been implemented into the box model, suggesting
as constraining parameters for the simulation of OH andthat upper limits in producing OH are still not able to
HOs. Significant underestimations of H@re found by the  reproduce the observations (improvement by factors2#
model over land during the afternoon, with mean ratios ofand~2 for OH and HQ, respectively). We determine that
observation to model of 12+ 3.5and 41+ 1.4 forOHand  OH hasto be recycled to 94% instead of the simulated 38% to
HO,, respectively. The discrepancy between measurementsatch the observations, which is most likely to happen in the
and simulation results is correlated to the abundance ofsoprene degradation process, otherwise additional sources
isoprene. While for low isoprene mixing ratios (above are required.

ocean or at altitudes-3km), observation and simulation
agree fairly well, for mixing ratios-200 pptV (< 3 km over
the rainforest) the model tends to underestimate theg HO
observations as a function of isoprene. 1 Introduction

o The hydroxyl radical (OH) and the associated hydroperoxyl
Correspondence tdD. Kubistin radical (HQ) play a major role in the chemistry of
BY (dagmar.kubistin@mpic.de) the troposphere, dominating its oxidation capacity during

Published by Copernicus Publications on behalf of the European Geosciences Union.
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daytime. Owing to their high chemical reactivity, OH
and HQ are responsible for the removal of most biogenic
and anthropogenic trace gases, determining the lifetimes ol
gaseous pollutants and thereby directly impacting air quality =
(Heard et al.2003. -

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

latitude

y
oo,

¥

4
3E

-60

£0 4%

-56

O3+ hy — O(lD) + Oy, longitude (°W)

O(*D) 4+ H,0 —> 20H.

A < 310nm
(R1)
Fig. 1. Flight tracks over the Guyanas during the GABRIEL

Therefore OH production rates are largest in tropical c@mpaign (map taken from Earth Science Data Interface (ESDI),
regions, where humidity and radiation intensity are high Yniversity of Maryland).
(Lelieveld et al, 2002.

On the other hand, emissions of biogenic trace gases argypje 1. Overview of flights performed during GABRIEL.
controlled by solar radiation and temperatukegselmeier
et al, 1999 Fuentes et 8l2000. Tropical regions naturally

X Flight Date Time of Day
have large areas of rainforest and these ecosystems represent
a major source of volatile organic compounds (VOC) on a GOl 30ct2005  afternoon
global scale Fehsenfeld et gl1992 Guenther et al.1995. Go2 50ct 2005  noon
Global models typically predict a large influence from the GO03  60ct2005  afternoon
tropical rainforest VOC emissions on the hydroxyl radical G04  70ct2005 noon
concentrationl{ogan et al. 1981, Karl et al, 2007 by the GO05 80ct2005 noon
reaction : G06 10 Oct 2005 afternoon
GO07 11 Oct 2005 morning
GO08 12 Oct 2005 afternoon
RH+ OH &) RO, + H-0, (R2) GO09 13 Oct 2005 afterrlloon
G10 15 Oct 2005 morning

which has been thought to suppress OH and the oxidation
capacity of the atmospher&Vang et al. 1998 Poisson et
al., 200Q Lelieveld et al, 2002 Kuhlmann et al. 2004 The objective of the airborne GABRIEL campaign
Joeckel et a).2006. The main biogenic volatile organic (Guyanas AtmosphereBiosphere Exchange anBadicals
compound (BVOC) emitted from the tropical rainforest is IntensiveExperiment with thelLearjet) was to study how
isoprene Guenther et al.1995 Granier et al.2000. Many  the VOC emissions from the pristine rainforest in equatorial
laboratory based oxidation experiments of isoprene with OHSouth America influence the HO (HOx=OH+HQO,)
have been performed (e.dPaulson et a).1992 Jenkin et  budget. In this study, the impact of BVOCs on the HO
al., 1997 and a detailed degradation scheme can be found ifbudget is investigated by comparing the measurements with
Jenkin et al(1995. an observationally constrained box model in steady state.

The peroxy radicals generated in the initial step can furtherThe differences between model and observations fof &®
react with nitric oxide (NO), forming the hydroperoxyl analysed and possible modifications of the chemical reaction
radical, HGQ: scheme are discussed.

2 Measurements

RCH,0, + NO -2 RCHO+ NO, + HO, (R3)

which can recycle OH via reaction with nitric oxide or ozone: 1he GABRIEL campaign took place over Suriname, French
Guiana and Guyana {30 6° N, 51° to 59 W). This region

HO2+NO — OH+ NOo,
HO2+03 — OH+205.

(R4)
(R5)

The two radical species OH and KHH®@an be considered to

is sparsely populated and mainly characterised by pristine
rainforest. Flights were performed from Zanderij Airport,
Suriname (8N, 55° W) in October 2005, during the long dry
season (August—-November). The prevailing wind direction

be in photochemical equilibrium on a timescale of secondsduring the campaign was from the tropical Atlantic Ocean

(Eisele et al.1994).

Atmos. Chem. Phys., 10, 9708428 2010

towards the rainforest (southeasterly trade winds). The wind

www.atmos-chem-phys.net/10/9705/2010/
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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.

therefore transported clean background maritime air over th@ver the tropical rainforestglieveld et al, 2008. The time
forested regions of the Guyanas. Flights were performed taesolution of the measurements varied from one to 30s. An
sample air at various altitudes (300 m—9 km) and at differentoverview of the measured species is given in Table
distances from the coast (Fid), hence determining the The measured HQ data is shown in Figs2 and
extent of biogenic influence. The flights were conducted3. The data (30s average) was binned in 3-h time
at different times of the day (Tabl&), since the primary intervals to distinguish between morning, noon and afternoon
production of OH in the troposphere is light dependentconditions. Local time is UTC (Universal Time Coordinated)
(R1), as are the emissions of trace gases from the rainforeghinus 3h. The & uncertainty of the OH and HO
(Fuentes et al2000. measurements was estimated to be 20% and 30% by the
Many important species relevant for fast photochemistrysystematic error and 7% and 1% by the statistical error (as
were measured in situ on board a Learjet 35A D-CGFDmean value), respectively. A more detailed description can
(GFD'). OH was directly detected by the laser induced be found inMartinez et al(2010.
fluorescence (LIF) technique, whereas H®@as quantified The influence of the rainforest emissions in the boundary
indirectly by conversion to OH via addition of N®@artinez  layer (<1000 m) is illustrated by the decrease in the OH
etal, 2010. These are the first reported observations ofHO concentration in the airmass travelling from the ocean to the
land. As the VOC accumulate in the atmosphere over the
1Gesellschaftiir Flugzieldarstellung, Hohn, Germany rainforest, they reduce OH and contribute toHfPoduction.

www.atmos-chem-phys.net/10/9705/2010/ Atmos. Chem. Phys., 10, 97282010
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observed HO2
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Fig. 3. HO, (30 s 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.

To quantify our understanding of the tropospheric the “Mainz Isoprene Mechanism” (MIM)Roeschl et a).
chemical processes in more detail, comparisons with boxX2000 with 44 reactions and 16 organic species describing
model calculations have been performed. It will be the chemistry of isoprene. The maximum number of species
shown that, although OH concentrations decreased over thim the gas phase is 116 with a total number of 295 reactions.
rainforest, this decrease was much less than expected arfebr the simulations, the halogen, sulfur and aqueous phase
possible explanations will be discussed. reactions were neglected and the multiphase chemistry,
represented as heterogeneous loss, was only considered
in order to represent the deposition of peroxides. The
detailed reaction scheme can be found in the accompanying
plement.

3 Box model

The comparison of observed data with chemical box modelSUp
calculations helps to improve our understanding of the MIM is a reduced reaction scheme in which different
atmospheric oxidation mechanisms. For our analysis, thespecies belonging to a class (e.g. carbonyls, peroxy radicals,
photochemical box model MECCAModule Efficiently peroxides and organic nitrates) are lumped into groups of
Calculating theChemistry of theAtmosphere) was used to VOC. To verify the influence of the most abundant non
simulate OH and H@ The chemical reaction scheme is methane hydrocarbons (NMHC) over the tropical rainforest,
based on MECCA v0.1pSander et al.20095 containing  the comprehensive isoprene degradation scheme of the

Atmos. Chem. Phys., 10, 9708428 2010 www.atmos-chem-phys.net/10/9705/2010/
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Table 2. Overview of the species observed and measurement techniques used during the GABRIEL campaign.

Species Technique not measured for flight
OHa laser induced fluorescence GO01

HO,2 laser induced fluorescence G01

J(NO) filter radiometry

NO chemiluminescence G01, G05, G10
O3 chemiluminescence G01

HCHO quantum cascade laser absorption spectroscopy  G02

CO quantum cascade laser absorption spectroscopy  G02
ROOH¢ derivatisation and fluorimetry GO01, (G05, G07)
H,0,°¢ derivatisation and fluorimetry GO01, G05, G07
Isoprené proton transfer reaction mass spectrometry GO01, GO5
MVK + MACR &4 proton transfer reaction mass spectrometry GO01, G05
Acetoné! proton transfer reaction mass spectrometry GO01, GO5
Methanof! proton transfer reaction mass spectrometry GO01, G05
H,0 infrared absorption spectrometry (LI-COR) G02, GO7

aMartinez et al. (2010}?sum of organic peroxide§Stickler et al. (2007)‘,’Eerdekens et al. (2008)sum of methylvinylketone
and methacrolein

Table 3. Mixing ratios of species which were not measured during the GABRIEL campaign and were fixed for simulation

(ppmV =1076. M9 ' ppby=10-9. M ppty =10-12. MOy - Mixing ratios of alkanes and alkenes were set to zero for altitudzkm,

except for CH. Table taken fronStickler et al.(2007).

Species  Mixing ratio Reference
< 2km/>2km

CyHy (650/0) pptV GTE ABLE 2A, Manaus, BraziZ{mmermann et a|.1988

CoHg (794/0) pptV LBA-CLAIRE98 campaign, IMAU (Univ. Utrecht, The Netherlands)
C3Hg (83/0) pptV LBA-CLAIRE98 campaign, IMAU (Univ. Utrecht, The Netherlands)
C3Hg (83/0) pptVv LBA-CLAIRE98 campaign, IMAU (Univ. Utrecht, The Netherlands)
C4H10  (28/0) pptV LBA-CLAIRE98 campaign, IMAU (Univ. Utrecht, The Netherlands)

CHy 1.7 ppmV NOAA CMDL Global Trends, ESRL Global Monitoring Division
CO, 377 ppmV NOAA CMDL Global Trends, ESRL Global Monitoring Division
Ho 563 ppbV Schmidt(1974 1979

HNO3 O

Master Chemical Mechanism MCM 3.3¢gnkin et al.1997 GABRIEL campaign were fixed to their observed values
Saunders et al1997, 2003 was also used in our studies. with a time resolution of 2min. Trace gases which

The photolysis frequencies (J) were calculated usingWere not measured were either calculated by the model or

the radiative transfer model TUV v4.1Tiopospheric t?"ef‘ as fixed paramete”rs as giver:j in Ta?lleAlthgugT_ bl
Ultraviolet-Visible Model) Madronich et al. 1998. The ge_ mstrr]uméztsR?éCera y qperate Steﬁ 'y and retiably
ozone column was determined for every flight from satellite uring the campaign, some short interruptions,

data (GOME, available atvww.knmi.n}) and varied around calibrations or malfunctions did occur. As nitric oxide (NO)
265 DU for all flights. The cross sections and quantum yieldsIS g Zrumal parame_ter(;‘ofr the '}’E.@ydm dg' dﬁtahs etSGV(\)"ihOCL;BS
for the different species were taken from the recommended © data were omitted from this study (flig s C
data ofAtkinson et al (2004 2005 andSander et ak2008. and G10). For water vapour and carbon monoxide, missing

The calculated photolysis frequencies were corrected fordata points were interpolated within 2 min intervals for equal

cloud and aerosol effects by scaling to the measured NO altitude levels. For two flights (G02, GO7) water data were
not available. As HO concentration correlates with altitude

Considering the short lifetimes of OH and H@adicals,  and the day-to-day variability was small, the mean vertical

all model runs were performed to reach steady state. Tqyrofile of water from the 8 other flights was used as a proxy to
constrain the model runs, the measured species during the

www.atmos-chem-phys.net/10/9705/2010/ Atmos. Chem. Phys., 10, 97282010
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fillin the missing data. The uncertainty was derived from the 551
standard deviation of the mean profile (M. For hydrogen g 5 .
peroxide (HO,), missing data were simulated by using K %
an altitude dependent heterogeneous removal rate function, -:%4.5 23 -
which was fitted to loss rates determined by the model to ™ ;
match the measured data where available (B)g. This 4 T a00m
loss rate is in reasonably good agreement with calculated 54 4|7 4000 m
deposition rates bystickler et al.(2007), who determined Qobserved
. . 5.1 ‘ ‘ ‘ polated
deposition rates in the boundary layer aB3x10~°s 320 e 56 54 o2 50
up to 135x10 4s~1 for the tropical rainforest and about longitude ("W)

3.25x10°°s7! for the tropical Atlantic. Total organic

peroxides £ ROOH) were modelled by using the same Fig. 7. Measurement locations of data points used to model OH
removal rates as for #D,. Comparison of the simulated and and HQ. The black line represents the coastline.

measured data shows a slight underestimation of hydrogen

Atmos. Chem. Phys., 10, 9708428 2010 www.atmos-chem-phys.net/10/9705/2010/
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peroxide and overestimation of total organic peroxideSOI ;:izlénd 2:1. Red points illustrate deviations by more than a factor

(Fig. 6). For altitudes higher than 5.5 km, measurements o

total peroxides and $0, could not be carried outStickler

et al, 2007). These missing data were simulated with @ 150 for the OH concentrations ard10% for the HOG
removal rate of zeraJackson and HewitL999. Altogether,  concentrations were obtained. The largest impact on the
the whole dataset used for the simulation of OH andHO o concentrations, depending on the different measurement
consists of 140 data points, corresponding to 280 min of datasituations, had the following reactions: 28 + O(*D) —

The dataset from the direct measurements predominately opy~996), N, + O(ID) — OEGP) 4+ Na(~6%),and
comprises regions over land in the afternoon at low aItitudeqSOP_i_ OH — I1SOx(~10%). Their uncertainties are
(Fig. 7). Datasets for the morning and for high altitudes given to be < 20% (Sander et al. 2003.  For the
could only be established based on the assumptions describer‘qjo2 radical the reaction of H®+ HO» — H,O»and

above and accordingly have a larger uncertainty. ModeI|SO2 + HO» — ISOOH influenced the simulated HO
simulations which used these more uncertain data point$,centration of about 6% and 8% respectively.

are marked separately (triangles). Nevertheless, the overall
uncertainty for the modelling of HQas caused by these
assumptions is less than 50%. 4 Results and discussion

Uncertainties originating from the inaccuracies of the
kinetic rate coefficients were estimated by Monte Carlo To examine the radical chemistry over the tropical rainforest,
simulations.  Hereby all kinetic rate coefficients were diverse tropospheric conditions (e.g. time of day, altitude,
assumed to have an uncertainty of 15%. An uncertainty ofbackground air) were covered by the flight tracks performed
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Table 4. Sensitivity studies with MECCA concerning the constrained measured species. Concentrations are mean values for the forest
boundary layer € 1 km) in the afternoon (14-17 LT).

OH OH HO, HO,
(molec/cn?)  10(%) obs/imod  (molec/cR) 1o (%) obs/mod
Observation 4Bx10° 21 1.0 102x10° 19 1.0
Reference Run 84x10P 32 122435  263x10° 24 41+ 1.4
0.5 Isoprene 55x10° 31 81+22 278x10° 24 39+13
0.5 (MACR + MVK)  3.98x10° 31 118+34  264x108 23 41+14
203 6.24x10° 33 75+21  279x10° 24 39+14
2NO 442x10° 32 107+34  290x108 23 37+13
2 HyO 5.55x10° 33 84+23  253x108 24 43415
0.5CO 384x10° 33 122435  258x108 24 42414
3 HyOy 4.60x10° 37  105+32  273x108 25  40+14
2 HCHO 396x10° 30 118+35  357x108 25 31411
0 Alkanes 392x10° 32 119+34  263x10° 23 41414
0.3 ROOH 374x10P 32 126+36  260x10° 23 42414
2 J(O'D) 6.24x10° 33 75+21  276x108 25  40+15

during GABRIEL. Air influenced by rainforest emissions as afternoon data over the rainforest in TaleThe strongest
well as unaffected air over the ocean was sampled. Fi§ure sensitivities with respect to OH result from ozone photo
shows the observed to modelled ratio for OH and,HO dissociation and subsequent reaction with water vapour
as a function of location. Over the ocean and at higher(163% and 145%, respectively), responsible for the primary
altitudes the agreement is fairly good for OH and HO production, and from isoprene (150%). The simulations
with a possible slight model underestimation of OH and anof HO, are less sensitive to the applied variations, with
overestimation of HQ. However over the rainforest at low the largest influence from formaldehyde (136%). Thus, the
altitudes, where the emission of hydrocarbons influences theariation of any single constrained parameter by a factor of
chemistry, the divergence between model and observatio® is not sufficient to eliminate the discrepancy between the
increases strongly. These discrepancies are greater f@imulated and observed OH and bi€bncentrations.

the hydroxyl radical (up to factors of 15) than for HO  The role of formaldehyde was also investigated by
(up to factors of 5). The substantial underestimation ofsjmulating the HQ concentration simultaneously with
the simulation is an indication of the inadequacy of the HCHO. The unconstrained HCHO-simulations led to 1%
hydrocarbon chemistry scheme adopted in the model. more OH and 4% more HQOIn average for the boundary
The uncertainty estimation for observations and layer over the rainforest in the afternoon, compared to the
simulations are included in the analyses to define thebasic run. Therefore no significant effect in relation with the
significance of the discrepancies. Fig@eshows the & HCHO concentrations could be distinguished.
range of the observed and modelled data, derived from the Additional uncertainties in the OH and HO
measurement uncertainties of the species that constraifeasurements due to possible interferences inside the
the model. Upper and lower estimates are obtained bynstrument had been investigated during the intercomparison
varying all concentrations within the uncertainties to achievecampaign HQ COMP in summer 2005. Under various
maximum and minimum production of OH and HO tropospheric conditions, all instruments, including different
and conversion of H® to OH. Although OH and H®  measurement techniques, showed high linear correlation
concentrations were often reproduced by the model within &oefficients for daytime OH and HO concentrations
factor 2, there was significant disagreement for several datgsSchlosser et 312009 Fuchs et al.2010. For photolysis
pOintS for which the simulated values were lower than thefrequencies J(@) > 5x 10_85_1 no interference due
observations. to Oz, NOy, ROy, VOCs could be detected for the OH
Further sensitivity studies of the model have beenand HGQ measurements. Small dependencies on th® H
performed including the constraining parameters to identifyconcentration were found for the Hbservations, being
the observed trace gases with the strongest influence on thenly relevant for small water mixing ratios<(0.6%).
HOy concentrations by varying the concentrations of theThe high correlation with the absolute measurement
single observed species separately by factors ranging from @echniqgue DOAS gives confidence in the performance of
to 3. Their influence on the HOconcentration is shown for  our LIF instrument, especially for the conditions during
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OH and HQ with respect to the diurnal cycle, shows that Fig. 12. Deviations between observations and model results as a
model underestimations are relatively large in the afternoonfunction of isoprene mixing ratios.
especially in the boundary layer (Fig0). Emissions of
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Table 5. Isoprene mechanism in MECCA. The entire chemical mechanism is described in the accompanying Supplement.

ISOP+ O3 —>  0.28HCOOH+ 0.65MVK + 0.1MVKO3 + 0.1PA+ 0.14CO+ 0.58 HCHO+ 0.09H,05 +
+0.08CH;Oy + 0.250H+ 0.25HO,, k= 7.86x 10-15. 7+
ISOP+ OH — IS0y, k=254x 10117
ISOP+ NO3 — ISON, k=303x1012,77°
ISO, + HO, —  ISOOH k=222x 107135
IS0, + NO —>  0.956NQ, + 0.956MVK + 0.956 HCHO+ 0.956 HO, + 0.044ISON
k=254x 10712, %
ISO, + CH305 —>  0.5MVK + 1.25HCHO+ HO, + 0.25MGLO+ 0.25ACETOL+
+0.25CH;OH, k=20x10"12
ISO, +1SO, —>  2MVK +HCHO+ HO», k=20x10"12
ISOOH+ OH —>  MVK +OH, k=1.0x10"10
ISON+ OH —> ACETOL+ NACA, k=13x10"11
ISOOH+ hv —>  MVK +HCHO+ HO, + OH J = JCH;00H
ISON+ hv —> MVK +HCHO+ NO2 + HO>» J =3.7JpaN
MVK + O3 —>  0.45HCOOH+ 0.9MGLO+ 0.1PA+ 0.190H+ 0.22CO+ 0.32HOy,
k=05(136x 10 15~ 77 4 7.51x 10-16,~ )
—12 452 —11 %5
MVK + OH —>  MVKO>, k=0541x10"12.7 +1.9x10 11 T)
MVKO 5 + HO, —  MVKOOH, k=182x 10713, %
MVKO 5 4+ NO —>  NOy+0.25PA+ 0.25ACETOL+ 0.75HCHO-+ 0.25CO+ 0.75HO; + 0.5MGLO
k=254x10"12.%
MVKO 5 + NO» —>  MPAN, k=0.25kz,4(T, M,9.7x 10729,5.6,9.3x 10-12,1.5,0.6)
MVKO5+CHzO0, —> 0.5MGLO+ 0.375ACETOL+ 0.125PA+ 1.125HCHO+ 0.875HQ, + 0.125CO+
+0.25CH;OH, k=2.0x10"12
MVKO,+MVKO, —> ACETOL+MGLO 4 0.5CO+ 0.5HCHO+
+HO,, k=20x10"12
MVKOOH + OH —>  MVKOy, k=3.0x10"12
MVK +hv —> PA+HCHO+ CO+HO» J =0.019Jcon, +0.015/cHycocHO
MVKOOH + hv —>  OH+0.5MGLO+ 0.25ACETOL+ 0.75HCHO+ 0.75HO, + 0.25PA+ 0.25CO
J = JcH;00H

ISOP =isoprene, IS©=isoprene (hydroxy) peroxy radicals, ISOOH =isoprene (hydro) peroxides, ISON =organic nitrates from 1SO
and ISOP+NQ@, MVK = methylvinylketone + methacrolein, MVK&=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.
-1
—1 f141g? (900
kara (7. [M1.3%0,n k3P, m, £, ) = ko(T [M] (14 21 ) fc[ ()l , ko(T) = kg0, koo (T) = k300(30y™.

hydrocarbons from the rainforest are driven by light andby more than a factor of 2. Dividing into isoprene
temperature. The most abundant VOC species over théogarithmic bins of Alnx = 0.5, x : isoprene mixing ratio,
rainforest is isopreneQuenther et al.1995 Granier et al. leads to maximum observed to modelled ratios of+l3
2000, the concentration of which increases strongly towards2 (OH) and 37+ 0.8 (HO,) for the highest isoprene
the afternoon (Figll) (Eerdekens et al2008 Warneke et mixing ratios of 56+ 0.4 ppbV. A similar observation was
al, 2001). The initial reactions of the isoprene oxidation made byRen et al.(2008, who measured HQover a
scheme in MECCA are given in Tabte forest in the northern mid-latitudes. Their photochemical

The ratio of observation to model results for both OH andPox model Crawford et al. 1999 overestimated OH

HO, as a function of the mixing ratio of isoprene is indeed fOr isoprene mixing ratios lower than 500pptV, and
clearly correlated, as shown in Fif2. For isoprene mixing increasingly underestimated the concentrations for isoprene

ratios below 200 pptV, the ratios of observation to modell€vels exceeding 500 pptV. Although the absolute values
concentrations vary around4k 0.4 for OH and 10+ 0.4  differ from the GABRIEL studies, the performance of both
for HO,, whereas for mixing ratios greater than 200 pptV the Medels shows a similar tendency with respect to isoprene.
model increasingly underestimates the H@ncentrations The coincidence of the qualitative behaviour of the two
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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 layek(1 km) in the afternoon (14-17 LT).

OH OH HO, HO,
(molec/cn?)  16(%)  obs/mod  (molec/cd) 1o(%) obs/mod

Observation 43 x 10° 21 1.0 102 x 108 19 1.0
Reference Run F1x10° 26 132+3.9 300x 108 23 38+13
103 x J(MACR;g)2 2.48x 10° 39 2154104 322x10° 21 04401
103 x J(MACRyg) 367x10° 27 133+39  284x 108 24 40+14
103 x J(MACRyg)P 0.17x10° 47 338+183  296x 108 21 04401
10-3x J(MACRyg) 371x10° 26 132+38  279x10° 24 39+14
103 x J(MVK4)® 4.48x 10° 26 110+3.7  879x10° 22 13405
1073 x J(MVK ) 371x10° 26 132439  299x 108 23 38+13

10° x JISOPBOOHY  4.62x 10° 26 105+2.9  373x10° 21 30+1.0
1073x JISOPBOOH)  &8x 10° 26 133+4.0  297x10° 24  38+13
103 x JISOPDOOH§  4.16x 10° 26 117+34  327x10° 23 35+12
103 x JISOPDOOH)  30x 10° 26 132439  299x 108 23 38+13
103 x J(CH;OOHs1)!  4.06x 10° 25 120+3.4  3.29x10° 22 34411
10-3x J(CH;OO0Hy)  3.70x 10° 26 132+39  298x10° 24  38+13

3MACR + hy —>CH3CO3 + HCHO + CO + HQ

PMACR +hv —MACO3 + HO,

CMVK +hv —>CHgCOz + HCHO + CO + HQ,

dISOPBOOH + v —ISOPBO + OH; J(ISOPBOOH) = J(G}DOH,1)
€ISOPDOOH + v —>ISOPDO + OH;J(ISOPDOOH) = J(G®OHy1)
fCH3OOH + vy —>CH30 + OH

different box models for different field campaigns points to the base run) are listed. The photolysis frequencies
either to a more fundamental gap in our knowledge of theof the two isomers of the isoprene peroxy radical
isoprene degradation mechanism or to missing sources of OKR-hydroperoxy-2-methylbut-3-en-1-ol (ISOPBOOH) and

with the same emission behaviour as isoprene. 2-hydroperoxy-3-methylbut-3-en-1-ol (ISOPDOOH)) were
the most prominent. As recommended in the MCM,
4.2 Simulation with the Master Chemical the photolysis frequency of GJOOH was used for the
Mechanism MCM analysis, calculated with the absorption cross section given

by Vaghjiani et al.(1989 with quantum vyields of unity.
To test the performance of the lumped mechanism MIM,Increasing this photolysis frequency by a factor of® 10
the more detailed isoprene chemistry of the MCRInho  enhanced OH and HOconcentrations by 24%. Reduction
et al, 2009 was included in the box model MECCA of any of these frequencies by a factor of 20led to a
for comparison. More species (213 in total) were takenmaximum reduction of 2% in OH. Thus, photolysis reactions
into account and the reaction scheme included severah the model with unknown photolysis frequencies, with
additional photolytic reactions. As the absorption crossrespect to OH and Hf& were not relevant unless the
sections and the quantum yields were not available for allphotolysis frequencies were very strongly underestimated.
implemented species, the photolysis frequencies (J) could Variation of the photolysis of methacrolein (MACR) has
not be calculated with the TUV model. Therefore, photolysisa strong impact on OH. However, the absorption cross
frequencies for species for which this information was sections for methylvinylketone (MVK) and MACR have
available were used for all species of similar chemicalbeen measuredGferczak et al.1997). The variation of
structure as grouped in the MCM. The resulting photolysisa factor 18 was unrealistically high but emphasizes the
frequencies are very uncertain, therefore sensitivity studiegffect of the photolysis products. Increasing the photolysis
concerning the photolytic reactions were performed byfrequency of MACR by 18 led to a large underestimation
varying the J-values by a factor of 1® and 1§. In of OH (Table6), indicating that the products deplete OH in
order to avoid possible overestimation op®p, only the  further reactions.
datasets with measured peroxide data available were taken During GABRIEL only the total sum of MVK and MACR
into account. In Tables, the photolytic reactions with was measured. For the studies with the MCM mechanism,
the strongest effect on OH (more than 10% comparedthese two species are treated separately. A ratio of MVK
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o('D) + H,0, O, H,O especially the peroxides of isoprene and MACR+MVK

Peroxides + hy HCHO + hy (ISOOH, MVKOOH). Thornton et al(2002 could explain
/ RO, their results from the SOS 1999 campaign (Nashville) for
vocC NO low NOy conditions by a decrease in the effective peroxide
formation rate (R@+HO, — ROOH), which either means
m a reduction of the rate coefficient or a partitioning in
OH Peroxides  HQ, an additional reaction e.g. R@ HO, — RO+ OH +
v O.. The latter has a functional equivalent to assumed
NO,, SC% NO.O; QH, HO,, RO, rapid photolysis of ROOH. They found the best agreement
for a decreasing factor of 10 in their box model. For
Acids / \v Peroxides the GABRIEL campaign about 50% of all ROform

ROOH, the other 50% forming HO (branching ratio:
(RO - ROOH)/(RO; — HO, +HCHO) = 1.0+ 0.2) for
isoprene mixing ratios- 2 ppbV, which are typical for the
afternoon over the rainforest at altitudes below 1 km. Since
photolysis of organic peroxides is negligible for radical
MACR = 2:1 was usedKuhn et al, 2007. Simulations production, as it is described by the chemical mechanism of
with ratios of MVK : MACR=0:1 and 1:0 changed the OH MECCA, the sensitivity of HQ to the reaction rate of HE
concentration about5% and +3%, the H@concentration with RO, can be investigated by taking these reactions out of

+20% and—10%, respectively. In MIM the two species are (he model. _ _ o _
lumped together. For the HQ concentration this modified simulation leads

Although 493 more explicit reactions were considered 0 @1 enhancement factor of 2£0.2 at maximum isoprene
in the extensive isoprene chemistry scheme of the MCM,MIXING ratios of(5.6+0.4) ppbV, improving the comparison

similar results were obtained as for the lumped mechanisnyVith the observation. However the influence on OH is small,
MIM (Fig. 12). The reduced chemical mechanism of Mim 1€2ding to an increase only by a factor of £2.1.

was developed on the basis of the MCRbgschl et a]2000 By constraining the H@ concentration to the
and the results in Fig.2 confirm that the MIM performs well ~ OPservations, OH increases only by a factor of £0.2.
within the original objective. Neither the simplification of Thqs the enhancement Of K the mo‘?'e' does not |mp!y
the MIM chemistry nor the assumptions made for the MCM @1 increase of OI—! suﬁ|0|gqt to descrlpe the observations,
simulations explained the discrepancies between models an§fich instead requires additional recycling from 410 OH
observations. Possible explanations might lead to mord" the model or additional direct sources for OH, as also

fundamental chemistryTaraborrelli et al. 2009 or e.g. to  Proposed byfan et al(2003). _
segregation effect8(tler et al, 2008 An additional OH recycling reaction, HG- X — OH+
1 - / . . . .
X’, is a possible pathway to increase the simulated OH

4.3 Testing the HQ, cycling mechanism in MECCA concentration. As proposed fyhornton et al.(2002 and
confirmed by the laboratory work dflasson et al(2004),

The HQ, cycling mechanisms are illustrated in FIg3. In certain alkyl peroxy radicals react with H@ielding OH:

the remote troposphere OH is converted toH@ainly via

carbon monoxide and recycled from H®y reactions with

O, O,

Fig. 13. Schematic representation of {©ycling.

nitric oxide and ozone. However over the rainforest, OH RO2+HO2 — ROOH+ Oz, (R6)
is removed by reactions with the emitted VOC, producing —> ROH + O3, (R7)
peroxy radicals. These peroxy radicals react either with other — RO+OH+ O,. (R8)

peroxy radicals or NO forming H&) or with HO, producing
peroxides. Total radical loss from the radical cycle occurs by Such reactions would also decrease the organic peroxides
removing OH, RQ and HQ from the system. One major which were overestimated by MECCA for GABRIEL
loss pathway over the rainforest is the formation of organic(Stickler et al, 2007). Hasson et al(2004 examined the
peroxides. Although the photolysis of peroxides is also aadditional Reaction R8) for ethyl peroxy (GHs0,),
source of radicals, this channel is minor compared to theacetyl peroxy (CHC(O)O;) and acetonyl peroxy
radical production via photolysis of ozone and reaction with (CH3C(O)CH20,) radicals, finding a yield of 40% for
water vapour, or the photolysis of HCHO. Organic peroxidesacetyl peroxy radicals. Further studies concerning this
are also removed from the system by dry depositiétickler ~ type of reaction byDillon et al. (2008 and Jenkin et al.
etal, 2007). (2007 showed similar results and typical yields of about
One possible reason for the underestimation of OH50% or higher. To assess the effect of this additional OH
and HGQ in the model is an overestimation of modelled recycling, all RQ reactions with HQ@ were modified in
radical removal through the production of organic peroxides, MECCA without distinction between different species. The

Atmos. Chem. Phys., 10, 9708428 2010 www.atmos-chem-phys.net/10/9705/2010/



D. Kubistin et al.: HQ over the tropical rainforest: box model results 9717

. Lo 1
obviously an upper limit. Nevertheless, even for the largest + 90% OH yield from RO, + HO
2 2

i i 1 0, 0, T
branching ratio was varied between 50% and 90%, the latter 5[+ 50% OH yield from RO, + HO, las
branching ratio the observed OH concentrations are still k=0.1 B(NO,) from RO, + h v {

not reproduced. For the highest observed isoprene mixing géw k=0.1 [B(NO,) from RO, + hv & 710,85
ratios of (564 0.4) ppbV the modification of MECCA EE 90% OH yield from RO, + OH £
produces maximum factors of42+0.04 and 242+ 0.24 g observation/model MIM é%;
more OH for yields of 50% and 90% compared to the base 3= & 3

o

runs (Fig.14). This effect is still too small compared to
the factors up to 13 needed to reproduce the measured OH

Ul
>—o—
e

concentrations under conditions of high isoprene. FopHO e85 B = L.k bt

similar enhancement factors are obtained witB51 0.06 10t 10° 10° 10*

and 199+ 0.21 for the two OH yields, while factors of B Isoprene (pptv)

are needed to reproduce the observations. » 50% OH yield from RO, + HO,, 115
Another possible source of OH is the photolysis of organic = 90% OHyield from RO, + HO,

k=0.1 D](NO3) from RO2 +hv

k=0.1 [U(NO3) from RO2 +hvé&
90% OH yield from RO, + OH

peroxy radicals by near-infrared radiation via intramolecular
rearrangement producing OH or H{Frost et al. 1999:

L
ey
o

HO2o0bserved
HO2modelled MIM

> observation/model MIM

RO, +hv — R'O+OH, (R9)

—> R’ +HOs. (R10) 15
The photolysis frequency was assumed to follow that of BTN ER f Jg l ﬁ ¢ o
NOs with values of 103t010~1 x J(NO3). The additional o S ‘ P
photochemical reactions were implemented in the model for 10" 10° 10° 10"

Isoprene (pptV)

all RO, to produce 100% OH via ReactioR9), while no

reaction channel to produce H®@as included. The highest . .

photolysis frequency was chosen for the simulation shown - 1#- Comparison of observed and modelled fifased on

here to obtain an upper limit (Fig4). For isoprene mixing sglectet_nl (_:hanges m_the ME.CCA chemls;try scheme. Values are
. i o binned in isoprene mixing ratios (x) @flnx =0.5.

ratios of (56+ 0.4) ppbV the model with the additional

chemistry leads to enhancement factors @52 0.56 for

OH and 108+ 0.02 for HO, compared to the base run.

This is again insufficient to reproduce the observedyHO

concentrations, even though the results represent an upp

limit.

Ozonolysis of monoterpenes can also be an OH source
Tan et al, 2001 and is not considered in the model. As
onoterpene emissions show a similar diurnal dependence
as those of isopren&\(lliams et al, 2007) their contribution
to the OH concentration over the rainforest would be
None of the proposed reaction amendments alone istrongest in the afternoon. For the GABRIEL campaign
sufficient to reproduce the measured data in the model. As:- and g-pinene were measured with maximum mixing
a further step, both OH recycling reaction of R®ith HO, ratios of the order of 200 pptV. Ozonolysis of monoterpenes
and infrared photolysis of ROwere included in the model was estimated to be about®oleccm3s~1 (Atkinson et
reaction scheme with maximum yields for OH (90% yield for al., 2005 over the rainforest in the afternoon, which is
Reaction R8) and 10°1-J(NOs) for Reaction R9)). Even  negligible compared to the primary production terRi)
then, simulated HQ remains too low with enhancement of 3 x 10°moleccm3s~1. The influence of monoterpenes
factors of 514+1.1 for OH and 21+0.2 for HO,. and sesquiterpenes has been studied in detaidryzeveld
Searching for alternative reactions which leads to OHet al. (2008, who compared the GABRIEL data with a
production and at the same time to a reduction of peroxidesingle-column model, also concluding that ozonolysis of
is a promising way to explain the measurements over théhese species does not eliminate the large discrepancies
tropical rainforest. By constraining the box model with between modelled and observed OH.
the observed OH and HEconcentrations overestimation
of HCHO and peroxides could be foun&tickler et al, 4.4 HOy budget
2007. In this case isoprene oxidation produces more
peroxy radicals and therefore more peroxides are produceddn overview of the most relevant reactions for the HO
Alternative isoprene mechanisms, which reduce;R@d  budget in MECCA is given in Tablegand8 to identify the
ROOH formation and were tested above, going in the rightmain processes of the production and loss terms of OH and
direction, but on its own are still not powerful enough. HO, for four groups of data. Case 1 is based on observations
in the boundary layer over the rainforest, at altitudes lower
than 1km, in the morning (8-11LT). Data from the same
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Table 7. OH budget based on a model analysis of measurement data.

D. Kubistin et al.: HQ over the tropical rainforest: box model results

case 1:
land morning BL

case 2:
land afternoon BL

case 3:
ocean noon (F9.3) km

case 4:

land afternoon (3.& 0.4) km

6 data points 23 data points 8 data points 20 data points
production rate 2 x 10° ’l‘r?:gic 5.9x 100 Tr?rl”esc 11.2x 108 ’l‘r?:gesc 5.0x 108 Tr?:gic
HoO+ O(lD) 36% 53% 61% 55%
NO+HO, 46% 13% 9% 9%
ISOOH+OH 10% 15% 0% 9%
H205+h 4% 11% 19% 15%
HO,+ 03 2% 4% 6% 8%
ISOOH+ hv <1% 2% 0% <1%
ISOP+ 03 <1% 2% 0% <1%
remaining 2% 2% 5% 4%
loss rate —8.2x 10P Majec ~5.9x 108 MEe ~112x 10°PMoe —5.0x 10P Maec
Isop+OH 39% 62% 0% 14%
CO+OH 13% 4% 35% 25%
ISOOH+OH 10% 15% 0% 9%
CHy4+OH 6% 2% 12% 9%
MVK +OH 4% 6% 1% 5%
MGLO + OH 3% 3% 1% 3%
HCHO+OH 3% 2% 7% 3%
MVKOOH + OH <1% <1% 5% 6%
CH300H+OH <1% <1% 10% 6%
HpO, +OH 1% <1% 10% 5%
remaining 19% 6% 19% 15%
OHobserved  (53+16)x10PMAE (44409 x 1PMAE  (12541.1) x 10°MOlec (5.241.6) x 105 Moke
OH modelled (21£0.8) x 10°PMEEC  (0.4:£0.1) x 10°TOEC (101+0.7) x 10°108¢ (32+2) x 10°Moge

location in the afternoon (14-17LT) are analysed in therecycling by reaction NO +H® is comparable with the
second group. Data from the free troposphere over the oceaprimary OH source. For all other cases the OH recycling
at an altitude of 2—4 km around noon (11-14 LT ) are used forvia reaction of HQ is weak compared to the primary
case 3, and data collected over the rainforest in the afternooproduction. As the emissions of BVOCs increase during
at the same altitude for case 4. Only the cases with atlaytime, these compounds and their oxidation products
least 6 data points are discussed. Data at altitudes highéncreasingly influence the OH chemistry. The recycling of
than 4 km’s are not considered, owing to the unavailability OH via the reactions of isoprene peroxides ISOOH-+¥@H

of measurements of peroxides, which become importanMIM is one of the major conversion mechanisms in MECCA
for HOx chemistry as HO concentrations decrease. The and illustrates their importance to the chemistry of isoprene.
averaged concentrations of the species, which were used t0 The |oss of OH in the boundary layer, according to

constrain the simulations, are shown in Ta@le MECCA, is dominated by the reaction with isoprene.

) ) ) As isoprene concentrations increase during the day, the
~ The primary production of OH in the lower troposphere ,,nartion of this reaction with respect to the total loss
is the photolysis of ozone followed by reaction with water jnqreases to 62% in the afternoon and is even more important

vapour.  Primary production rates are of the order of o the primary production term (53%). When less isoprene
40%—-60% of the total production. The NO mixing ratios are i ayailable. the removal of OH by CO and peroxides

highest in the morning boundary layer over the forest with yocomes more significant.
(65+57) pptV, compared to (18 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

2ISOOH + OH— MVK + OH
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Table 8. HO, budget based on a model analysis of measurement data.
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case 1:
land morning BL
6 data points

case 2:

land afternoon BL
23 data points

case 3:

ocean noon (EH.3) km

8 data points

case 4:
land afternoon (3.& 0.4) km
20 data points

production rate 8l x 10° ’Qr‘T’T'%C 4.3x10° @;ge; 9.2x 10P f‘c“r‘;:g’%sc 3.4x10P ”C“r?]'gesc
HCHO-+hv 13% 36% 15% 18%
CO+OH 17% 6% 42% 35%
ISO,+NO 32% 22% 0% 3%
IS0, +1S0;, 1% 8% 0% <1%
CH30,+NO 15% 5% 6% 8%
MVKO »+NO 3% 3% <1% 2%
HCHO-+OH 4% 2% 8% 4%
ISOOH+ hv <1% 3% 0% <1%
CHgHgO2+NO 4% <1% 0% <1%
H,0, +OH 1% <1% 12% 8%
remaining 14% 16% 16% 22%
loss rate —6.4x10° rgr?]ge; —43x10° rgggesc —9.2x10° ’Q&'Bic —3.4x10° Tr?gesc
NO-++HO; 59% 17% 12% 13%
HO»+ O3 3% 5% 7% 11%
IS0y 4+HO, 15% 44% 0% 15%
HO,+HO, 17% 21% 48% 30%
CH30,+HO, 2% 3% 16% 13%
MVKO 5 +HO» 2% 6% 6% 11%
HO,+OH 1% <1% 9% 4%
remaining 1% 1% 2% 3%
HO, observed  (6.3+0.5) x 108 ";‘;Lgc (10.24£1.9) x 1@%‘60 (5.7+£0.6) x 108 ”;0'90 (4.7£1.5) x 108”;LIec
HO, modelled (2.940.2) x 108 "gcr’rgc (2.640.6) x 10° moce (7.0+1.2) x 108 mose (3.3+1.3) x 108%50

Table 9. Averaged mixing ratios for the parameters which constrain the box model simulations. The values are given for the four cases in

Table7 and8 with their 1o variability.

Species case 1l case 2 case 3 case 4
CO (ppbV) 94+5 122+13 10012 10147
Isoprene (ppbV) 0J+02 43+12 0 02402
MVK+MACR (ppbV) 0.2+0.1 16+05 003+0.02 02+0.3
O3 (ppbV) 1440.1 17+4 29+5 3549
NO (pptV) 65457 13+9 10+3 8+4
H,0 (mmol/mol) 2405 23+2 11+1 942
Ho05 (ppbV) 10+£01 22418 39+12 23416
ROOH (ppbV) 05+0.2 14406 10+0.2 09+05
HCHO (ppbV) 06+03 12+04 05+04 04+05
Acetone (ppbV) ®B+01 11402 0.7+0.2 06+0.1
Methanol (ppbV) ®+02 32404 23+11 25405
JO@D) (10°5s 1) 29+02 25+10 92+03 34+11
J(NO,) (1074571 91+4  82+26 175+1 11127

www.atmos-chem-phys.net/10/9705/2010/
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Fig. 15. Comparison of the ratio OH/HE between observation and

model as a function of isoprene.

The recycling reactions of R&-NO are the dominant

isoprene and its peroxy radicals are the major compounds
responsible for HQ loss ¢~ 50%) in the afternoon forest
boundary layer. OH is directly removed by reaction with
isoprene, producing the peroxy radical I5Qvhich either
removes HQ from the system, forming the peroxide ISOOH
(60%), or produces Hg&and formaldehyde by reactions with
RO, or NO (40%).

During the GABRIEL campaignSinha et al. (2008
performed OH reactivity measurements within the canopy
of the rainforest (about 35m above the ground). 35% of
their measured total OH reactivity is due to reaction of
OH with isoprene, MVK+MACR, acetone, acetaldehyde
and methane, whereas 65% could not be explained by the
measured species. They proposed that the missing fraction
of the total reactivity is possibly due to unmeasured reactive
compounds. For our studies this would lead to even larger
discrepancies between the observation and the box model
simulations. However our aircraft measurements and the OH
reactivity measurements &inha et al(2008 were made at
different altitudes. Highly reactive unmeasured compounds,
emitted from the rainforest, might only play an significant

processes for H@ production in the morning boundary role inside the canopy and might be too short-lived to reach
layer over the forest (case 1), when NO concentrationghe sampling area of the aircraft above 300 m.

are relatively high. When irradiation increases, photolysis

of formaldehyde becomes an important source of the HO 4.5 Recycling probability and missing source

radical (case 2). In the free troposphere the main source of

HOs is the reaction of OH with carbon monoxide.

Recycling of OH by the reaction NO+HQlominates the

strength for OH

To determine the recycling strength of the chemical system,
The OH

loss of HQ when morning NO is high within the forest the recycling probability has been calculated.
boundary layer, initially not leading to radical loss. For recycling probability- is defined asl(elieveld et al, 2002):
the remaining cases the reaction with peroxy radicals and
the self reaction, producing peroxides, are the major losg = ——,
terms for HQ. Since the photolysis of peroxides is slow P+S§
to produce radicals, the production of peroxides effectivelywith P and S being the primary and secondary production,
leads to removal of two radicals per reaction from the systemrespectively. The primary production is considered to be
Interconversion of H@ and OH via reactions with e.g. only the reaction of @D) + H»0, whereas photolysis of
NO, O3, CO and VOC (Fig.13) can be characterized by peroxides and recycling reactions of blGire assumed
the chain length of the reactions cycling between these twdo be secondary productions terms, as the reactants are
radicals. The H@OH ratio in the forest boundary layer oxidation products in the OH oxidation chain. The base
in the morning (case 1) shows a mean value of 324 simulation of MECCA yieldsP = 3.12x 10°moleccn3s1
at mean NO mixing ratios of (6557)pptV. The value is and § = 1.94 x 10°moleccnt3s1 and thereforer =
comparable to results frorlan et al.(2001), who found 0.38 for boundary layer values over the forest in the
HO,/OH ratios of 80 - 120 for mean NO levels of 65.8 pptV afternoon (case 2). The total loss tedinin steady state
over deciduous forest in northern latitudes. Simulation bysimulations is equal to the total production teigh with
MECCA slightly overestimates the ratio with HH = L=G=P+S§=506x 10fmoleccn3s1. Calculations
156+45. For the forest boundary layer in the afternoon (caseusing measured higher OH and LlQo constrain the
2) values of HQ/OH = 234444 were observed for mean box model, containing the same chemical mechanism,
NO mixing ratios of (13t 9) pptV . The model overestimates leads to P = 3.12 x 10°moleccnt3®s™! and § = 3.53 x
this ratio of HQ to OH by a factor of 2+ 0.8, OH being  10°moleccn3s~1. The total production term is therefore
underestimated more severely than H® the simulations. G = 6.65 x 1®moleccnm3s™1 compared to the total
However, the correlation with the isoprene mixing ratio loss term of L = 56.64 x 10°moleccnt3s™?, calculated
observed for OH and HO(Fig. 12) is not significant for  with  MECCA constrained by the HO observations.
the ratio (Fig.15) since the effect of isoprene on OH and Thus, a production rate term of the ordér =5 x
HO; is similar for both radicals. The analysis of the different 10’moleccnt3s™1 is missing. Adding the missing term as
reactions relevant for the HMudget (Tableg, 8) shows that secondary production would lead to a recycling probability

@)
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Fig. 16.  Ratio of observed and modelled OH and HO Fig. 17. Comparison between observation and a model run

concentrations as a function of isoprene and other conditionsncluding the additional HQ reaction: 1SQ +HO, — ISOOH+

observed simultaneously with isoprene. nOH and ISOP+ OH — ISO, + mOH.  Values are binned in
isoprene mixing ratios (x) oA Inx =0.5.

due to the observation of=0.94. Considering that this
value of r is very high, it may be speculated that part o
the missing OH formation is related to primary formation
involving Os. Previously it has been indicated that reactions
of Oz with reactive terpenes might be importafiaf et
al, 2001 Di Carlo et al, 2004 Goldstein et al. 2004).
Alternatively, @3 may react with reaction products in the
isoprene degradation pathway, produce OH and reduc

; . -t
the discrepancy, which would moderate the OH recyclin i
! pancy, which wou yeling Butler et al.(2008 analysed the GABRIEL dataset using

probablllt.y. ) ) a global model. Analogous to the implementations of
The missing termS* is comparable to the loss rate of Reaction R8) in our model, they introduced a modification

OH through direct reaction with isoprene. By neglecting ¢ the reaction of the isoprene peroxy radical [S@th HO,

the entire isoprene chemistry in the box model MECCA, producingz - OH in their reaction scheme:

good agreement between simulations and,léBservations

is obtained, independent of the isoprene concentrations that

were observed (Figl6). This indicates that the reason |SO, +HO, —> ISOOH+n OH.

for the model underestimations rather lies in the oxidation

mechanism of isoprene than in missing direct sources. An

observed to modelled ratio 0of.3+ 0.5 for OH is found

f for all measured isoprene mixing ratios. The situation for
HO, is somewhat different. For low isoprene 200 pptV)

the model now tends to overestimate H®ut is still well
described within the uncertainty .@4-0.3). In contrast to
OH, the dependence on the isoprene concentration is still
discernable, though small, possibly indicating an additional
énfluence on HQ by other trace gases also dependent on the
ime of day.

(R11)
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An optimum number ofn =2 was derived to best processes over these important regions and therefore have
reproduce the OH observations. For our constrainednitiated worldwide research in this field. More HO
box model the best agreement between observation antheasurements in and over the tropical rainforest followed,
simulation was found fom = 3.2 (Fig. 17). A mean like the OP3 and AMMA campaign in Borneo and West
measured to modelled ratio ofdH-0.3 was obtained for OH  Africa, respectively fewitt et al, 2010 Commane et al.
and the dependence on isoprene disappeared. 2010. Both campaigns reported daily maximum OH

Reaction R11) should be understood as a proxy for concentrations up t0.8x 10°moleccnt? and 0.6 pptV on
additional recycling within the isoprene chemistry. The ground, respectively. Although higher NO concentrations

equivalent reaction: were observed, the OH concentrations are comparable to
those of GABRIEL ¢ 0.5pptV i.e. 6x 1Pmoleccnt?,
ISOP+OH — 1SO; +m OH. (R12) Martinez et al. 2010. Unfortunately due to technical

problems, the observed OH-concentrations over West

initial step in the oxidation mechanism more OH has to beAf”Ca were rarely above the _detecuon limit, so that a
produced than destroyed. A mean value for the observed t5nodel-to-measurement comparison was n'ot posme
model ratio of 14+ 0.5 was calculated (FigL7). Additional et al, 2010. However for a point-to-point comparison
sources of OH, comparable and correlated to the isopren@mcIeI 3|mulat|on§ bySaunois et al(2009 might indicate
sink are needed to describe the observations. Unknow#i" underestimation by a faqtor of 2, yvhereSﬂsone
OH recycling within the isoprene oxidation mechanism et al. (2019 conclude a possible overestimation of the

seems the most likely way to provide the additional OH moﬁel. b The dol\\/l((ajrestlmatlon ,COUIdl bevcsaused by the
source, leading to a much larger oxidation capacity of the Igher observe concentrationsy ppt »Stone et al.
atmosphere over the tropical rainforest. 2010, in contrast to the low NO regime of GABRIEL,

where the largest deviations were found at RQ3 pptV.

However comparison of the Borneo data with the box
5 Follow up studies to the GABRIEL campaign model (CiTTyCAT) again showed an underestimation of the

observed concentration by a factor o8, being in a NO
During GABRIEL the first reported measured KO regime of about 37 pptVRugh et al.20103.
concentrations over a tropical rainforest were found to Measurements in the polluted Pearl River Delta, China,
be significantly higher than predicted by current models.showed a good agreement with model calculations for high
Whereas studies performed in remote areas or distanNO concentrations X1 ppbv), whereas under high VOC
from direct VOC emissions showed a rather goodand moderately low NO conditions<Q00 pptV) measured
agreement\Whalley et al, 2010, studies close to biogenic OH is 3 to 5 times higher than expected by our current
VOC sources generally reported higher OH concentrationsuinderstanding Hofzumahaus et al.2009. However,
under low NG conditions than expected. compared to the low NO concentrations during GABRIEL,

Former measurements of KHQadicals over deciduous where the reaction between R® HO, are most dominant
forests in the mid latitudes have shown significant and might lead to unknown OH recycling, the situation in
underestimations of the observed OH concentrationthe Pearl River Delta is more determined by the competing
compared to box model simulationFah et al, 2001 reaction of R@ + NO. TherefordHofzumahaus et a{2009),
Carslaw et al.2001; Ren et al. 2008. Tan et al.(200) similar to Tan et al. (2001, proposed another pathway
found a deviation by a factor of 3 for the OH radicals, of additional OH recycling via R® + X — HO, and
particularly for low NQ; and high isoprene conditions. HO;+X — OH to gain sufficient OH production under
Carslaw et al.(200) also simulated 50% less OH than moderately low NO conditions.
measured at averaged isoprene levels of 2pbbv. Analyses Containing the traditional chemistry different box models
of Ren et al.(2008 showed, consistent with this study, have been tested to find an explanation for the highy HO
a correlation of the deviations between simulations andobservations over the tropical rainforestTaraborrelli et
observations with the isoprene concentrations. Althoughal. (2009 presented the improved version MIM2 of the
the values of model to measured OH ratio vary for the MIM mechanism, derived as a reduction from the MCM
different measurement conditions, all box models showscheme. The MIM2 model scheme has been applied for
an underestimation of the observed OH concentrationsthe GABRIEL conditions with low NO, as well as with
indicating a general inconsistency of the radical chemistrymedium and high NO concentrations. An increase of
in box models for biogenic low NQregions. up to 15% in the calculated OH was feasible, but still
It is well known that the tropical rainforest are a major the measurements of GABRIEL could not be explained.

source of BVOCS, which up to now were predicted to Archibald et al. (2009 applied eight different complex
suppress the oxidation capacity of the atmosphere. Howeveisoprene mechanisms by using high isoprene emissions
the unexpected results of the GABRIEL campaign haverates (up to 6.4mgmfh~1, corresponding to about@x
reflected the lack of knowledge in describing the chemicall0?moleccnt?s1), representative for tropical rainforest

with best agreement farn = 1.3 shows that regarding the
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conditions. Each model, independent from the complexity Beside the discussion of additional new chemical reactions
of the chemical mechanisms, simulated very low OHand schemes to regenerate OH, the effect of simple
concentrations under low NOconditions (OH daytime segregation of air masseKrfl et al, 200Q Karl et al,
average of 1®moleccnt3), confirming that all current 2007 Dlugi et al, 2010 and deposition of OH reactants
isoprene mechanisms are unable to match the observe@Pugh et al. 20103 has been investigated. Segregation,
HOx concentrations. Model agreement could only be originating from incomplete mixing between air enriched
reached by including an additional OH source in thewith VOC and air enriched with OH can lead to an apparent
order of 20 x 10’moleccnm3s™1, dependent on the light reduction of the reaction constants. Studies comparing box
controlled correction factor of the isoprene emissions, whichmodel with LES simulations byrol et al. (2000 show
is consistent with the GABRIEL results. an apparent reduction of the RH-OH reaction rate by 30%.
New possible reaction pathways for OH recycling within Calculation of segregation over the Amazon rainforest during
the isoprene oxidation mechanisms have further beerAMAZE-08, using water vapour as a proxy for unmeasured
investigated by quantum chemical calculations and haveDH concentrations, showed a decreasé&(@H+ISOP) up
partly been tested by laboratory studies. A promisingto (39+ 7)% in the 800-m-deep cloud layeKdrl et al,
approach is the competing unimolecular reaction of certain”2007), leading to higher simulated OH concentratioDfugi
RO, radicals via H-shift, which is predicted to lead to OH et al. (2010 calculated the intensity of segregation from
and/or HGQ formation. For these reactioriReeters et al. highly time resolved trace gas measurements, including OH
(2009 calculated a yield of about 0.7HCQand 0.030OH and isoprene, during the ECHO campaign in a deciduous
radicals per isoprene oxidized, wher&ssSilva et al(2010 forest in mid latitudes (Germany). For ECHO the authors
suggest an yield up to 0.07 OH, both calculations done fordemonstrated that the effective OH isoprene reaction rate
pristine tropical rainforest conditions. Only theoretically is reduced by segregation by 15%. A similar segregation
proposed and not confirmed by laboratory measurementdntensity of 15% was found during OP3 Hugh et al.
this pathway alone is still not sufficient to describe the (20108, using simulated OH concentrations from a box
GABRIEL measurements. Nevertheless, possible photanodel and measured isoprene concentrations. All studies
labile coproducts, e.g. hydroperoxyaldehydes, with a unityshow that segregation contributes to an apparent reduction of
yield become an additional OH source and might providethe RH-OH reaction rate but cannot explain the magnitude of
an explanation for the high observed OH concentration ovethe discrepancy alone.
the tropical rainforest. Another not yet fully incorporated For ground based observations an increase of the
mechanism for OH recycling is the formation of epoxides, deposition rates for OH reactants, like MACR and MVK,
which has been predicted by quantum chemical calculationgan help to to explain the measurement of the OP3 campaign
and also found in chamber experimer®alot et al.2009. in Borneo Pugh et al. 20103. By using a deposition
Epoxides are of particular interest because of their potentiatate of v;(MACR +MVK) = 2.5cms ™! and reducing the
to form SOA under low NQ conditions, which helps to reaction rate constarit (isoprene/monoterpenes+QOH) by
resolve the open question of aerosol formation over the50%, the OH-observations over the Borneo rainforest could
tropical rainforest Kleindienst et al. 2009 Martin et al, be reproduced.
2010. Currently several global models use a reduced isoprene
Implementation of the new proposed chemical emission rates of of 220-350 TgCVr (Brasseur et al.
mechanisms in box model simulations for tropical rainforest1998 Kuhlmann et al. 2003, which is much lower than
conditions was done byrchibald et al.(2010. Different observations have shown (500TgC§7;‘ Guenther et aJ.
scenarios were tested, showing the largest enhancement fa995. The high OH concentrations, as observed during
modelled OH concentrations by including the discussedGABRIEL, reduce the lifetime of isoprene significantly, and
recycling reactions via RO+ HO,, epoxide formation, might close the inconsistency in the isoprene flux.
unimolecular reactions of the ROand photolysis of The initial work done during GABRIEL, which is
intermediates products.  Applying the rate constants inconfirmed by measurements of other groups, indicate that in
their upper limits lead to 3.2 times more OH than the Jow NO environments the oxidation of biogenic VOC leads

MCM scheme, which is consistent to the model resultsto more recycling and regeneration of OH then assumed until
of this study. Within 30% the LIMO (Leuven lIsoprene now.

MechanismpPeeters et §l2009 could explain the observed

HOy concentrations during GABRIEL applied in global

CTM calculations byStavrakou et al(2010. The schemeis 6 Conclusions

characterised by fast elimination op@om the hydroperoxy

radicals, the 1,5- and 1,6-H-shift leading to OH and HO Higher HQ; concentrations over the tropical rainforest
formation, respectively, and a very fast photo dissociationduring the GABRIEL campaign were observed than
of the hydroperoxy aldehydes producing additional OH andpredicted by the box model MECCA constrained by
HO, radicals. measurements. Observations and simulations agree fairly
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well for the free troposphere, whereas maximum deviationsrecycling reaction via ISOR OH — ISO, + m- OH with

were found for low altitudes< 1 km) in the afternoon with m = 1.3 improves the agreement with the OH observations,

mean discrepancy factors of .22£ 3.5 and 41+ 1.4 for and further investigations to unravel the detailed chemical

OH and HQ, respectively. These discrepancies are stronglymechanisms are recommended.

correlated to isoprene emitted by the rainforest. However, Following the GABRIEL campaign several approaches

the OH/HG ratio does not show a significant dependenceto understand the tropospheric chemistry over the tropical

on isoprene, as OH and HGare similarly influenced by rainforest have been made by different research groups.

isoprene. Simulations with the more detailed isopreneComparable OH concentrations were found over the tropical

mechanism of the MCM leads to similar results as therainforest of West Africa and Borneo. Theoretical quantum

MIM chemical reaction scheme, indicating that the original chemical calculations as well as laboratory measurements

objective of using a condensed mechanism to reproduce thbave been performed to propose alternative reaction

results of the MCM is still met. pathways inside the isoprene oxidation scheme. Box
In the simulations with MECCA radical loss from the model simulations including these reactions often failed to

system via removal of ROproducing organic peroxides, explain the GABRIEL observations. Implying a high photo

appears to be about 50% for air in the afternoon boundarydissociation rate of the predicted intermediates the LIMO

layer. Sensitivity studies eliminating the production of mechanism was able to reproduce the GABRIEL data within

organic peroxides increase the pi@nd OH concentrations, 30% in global CTM calculationsStavrakou et al.2010.

but not sufficiently to achieve agreement with the Promising concepts have been proposed but still have to be

observations. confirmed by laboratory and field measurements. Explaining
Enhancement of photolysis frequencies of organicthe high unexpected observed OH concentrations over the

peroxides by unlikely factors of £0do not provide a tropical rainforest remains a major task in atmospheric

sufficient source for HQ  Constraining the model to science.

measured H@enhances OH, but is also insufficient to match

observations. Therefore, an additional production channel oSupplementary material related to this article

OH is needed to explain the OH observed over the rainforestis available online at:

Modification of the chemistry scheme of MECCA could not http://www.atmos-chem-phys.net/10/9705/2010/

sufficiently enhance the the simulated FH@oncentration, acp-10-9705-2010-supplement.pdf

either by recycling of OH through reaction of peroxy radicals
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