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Abstract. Atmospheric composition and chemistry above concentration is substantially underestimated; as has been
tropical rainforests is currently not well established, particu-seen before in tropical rainforest studies. It is shown that in-
larly for south-east Asia. In order to examine our understand-clusion of dry deposition of MACR and MVK and wet depo-
ing of chemical processes in this region, the performancssition of species with high Henry’s Law values substantially
of a box model of atmospheric boundary layer chemistry isimproves the fit of these oxidised species, whilst also sub-
tested against measurements made at the top of the rainfostantially decreasing the OH sink. Increasing OH production
est canopy near Danum Valley, Malaysian Borneo. Multi- arbitrarily, through a simple OH recycling mechanism , ad-
variate optimisation against ambient concentration measureversely affects the model fit for volatile organic compounds
ments was used to estimate average canopy-scale emissio(0OCs). Given the constraints on isoprene flux provided by
for isoprene, total monoterpenes and nitric oxide. The ex-measurements, a substantial decrease in the rate of reaction
cellent agreement between estimated values and measurefl VOCs with OH is the only remaining option to explain
fluxes of isoprene and total monoterpenes provides confithe measurement/model discrepancy for OH. A reduction in
dence in the overall modelling strategy, and suggests that thithe isoprene+OH rate constant of 50%, in conjunction with
method may be applied where measured fluxes are not availhcreased deposition of intermediates and some modest OH
able, assuming that the local chemistry and mixing are aderecycling, is able to produce both isoprene and OH concen-
quately understood. The largest contributors to the optimisatrations within error of those measured. Whilst we cannot
tion cost function at the point of best-fit are OH (29%), NO rule out an important role for missing chemistry, particularly
(22%) and total peroxy radicals (27%). Several factors affectin areas of higher isoprene flux, this study demonstrates that
the modelled VOC chemistry. In particular concentrations ofthe inadequacies apparent in box and global model studies of
methacrolein (MACR) and methyl-vinyl ketone (MVK) are tropical VOC chemistry may be more strongly influenced by
substantially overestimated, and the hydroxyl radical (OH)representation of detailed physical and micrometeorological

effects than errors in the chemical scheme.
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1 Introduction green broadleaf rainforess¢hmitt et al, 2008. Structurally
and floristically, it is very different to the rainforest of Ama-

Global emissions of non-methane biogenic volatile organiczonia Hewitt et al, 2010. Seasonal cycles are weak, with
compounds (BVOCs) are estimated to total 1150 TgCyr dry periods of greater than 1 month absent or rare, cf. to
(Guenther et a).1993 and exceed those of their anthro- Amazonia or Equatorial Africa where most of the rainfor-
pogenic counterparts by a factor of MVMO, 1999. Fur-  est experiences a significant dry seasadaléh 1996. The
thermore BVOCs typically have much shorter atmosphericaverage peak daytime temperature of@7s less than ob-
lifetimes than anthropogenic VOCs and hence are believe&ervations in Amazonia of 28-32 (Karl et al, 2007 and
to play a dominant role in the chemistry of the planetary >30°C (Kuhn et al, 2007. The analysis herein pays par-
boundary layer (PBL) and lower tropospheFaiéntes et al. ticular attention to the replication of the concentrations of
2000. A modelling study byPoisson et al(2000 found  BVOCs and their oxidants under the low N@onditions
that BVOCs could affect the composition of the entire tro- observed. First, the measurement site (SBcand model
posphere due to the formation of longer-lived intermedi- parametrisation (Sec8) are outlined. Then the model is
ates (e.g. CO), with strong increases ip @hd depletion in  used to generate estimates of biogenic emissions from the
boundary layer OH concentrations being observed. Convecsite (Sect4) and the resultant model output is compared to
tion of BVOC oxidation products is a major source of i@ observations and improvements suggested (SgciThis is
the upper atmospher@gisson et al200Q Tan et al, 2001,  followed by an investigation of the relationship between iso-
whilst relatively long-lived oxides of nitrogen such as PAN prene and OH (Secé).
can influence remote tropospheric NGand hence ozone
chemistry. Much work has been carried out on defining
the reactions of these specigeifkin et al.2007 Saunders 2 Measurement site description
et al, 2003 Pinho et al. 2005, however, due to the num-
ber of compounds and complexity of the reaction schemeshe OP3-Danum-08 field campaign was carried out in
involved, their precise roles in controlling chemical budgetsthree phases: (i) ground-based measurements only, during
and processes in the atmosphere are poorly understood.  April/May 2008 (OP3-1), (ii) a reduced set of flux and con-

Over half the world’s forests are found in the tropics, and, centration measurements at a nearby oil palm estate dur-
due to the prevailing high temperatures and solar fluxes, theyng May/June (OP3-2), and (iii) both ground and aircraft
are believed to account for almost half of all BVOC emis- measurements, during June/July 2008 (OP3-3). We fo-
sions to the atmospher&(@enther et al.1995. In recent cus here on measurements made during OP3-1. Ground-
years knowledge of tropical BVOC emissions and chemistrybased measurements of atmospheric composition were pri-
has been greatly increased by several measurement studiggarily made at the Bukit Atur Global Atmospheric Watch
(e.g.,Kuhn et al, 2004 2007, Karl et al, 20079 and mod-  (GAW) station (45859’ N, 1175039’ E ) (Hewitt et al,
elling studies (e.glelieveld et al, 2008 Butler et al, 2008 2010. These measurements included concentrations of NO,
Ganzeveld et al.2008 Kubistin et al, 2008. In particu- NO, NOy, HONO (OP3-3 only), @ OH, HO (OP3-
lar, flaws have been suggested in the current understanding only), HO+RO,, PAN, organic nitrates, isoprene, total

of the reaction of isoprene and OH under low [J@ondi- and speciated monoterpenes and oxygenated organic com-
tions, resulting in questions about current understanding opounds (formaldehyde and glyoxal). Fluxes of isoprene, total
global oxidant budgets. monoterpenes, £) latent and sensible heat were also mea-

Rapid land-use change makes it imperative to understangured. Physical parameters measured included relative hu-
the chemistry of tropical forests, both for a holistic under- midity, wind, mixing height and@*D). A detailed descrip-
standing of natural processes, and to predict the effect of suction of the site and measurements is giverHiewitt et al.
land-use changes on local/regional photochemistry and cli{2010.
mate change. Therefore it is important to test current atmo- The Bukit Atur (BA) GAW site is situated at an altitude of
spheric chemistry models, currently optimised for the pol-437 m a.m.s.l., on a small hill approximately 260 m above the
luted mid-latitudes, in this relatively pristine environment. surrounding valley floor. The top of the hill features a small
Reproducing measurements at box-model level is an imporgrassy clearing approximately 150 m by 50 m surrounded by
tant step towards generating accurate predictions from globatecondary rainforest, rising t¢10m on three sides. The
and regional models. surrounding rainforest is either virgin or has not been logged

This study tests the performance of the CiTTyCAT box since 1988 Tangki and ChappelR008. A 100 m high steel-
model of atmospheric chemistry against measurements madeamed measurement tower has been erected in the centre of
at Bukit Atur, Sabah, Malaysian Borneo, as part of the Ox-the clearing as part of the World Meteorological Organisa-
idant and particle photochemical processes above a Southion Global Atmospheric Watch site that has been established
East Asian tropical rain forest (OP3-Danum-08) field cam-at BA. The measurements used in this report were made
paign Hewitt et al, 2010. Forest in Borneo, including the at ~5m above ground level in this clearing, with the ex-
Bukit Atur measurement site, is principally lowland ever- ception of PTR-MS measurements of BVOC concentrations
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and fluxes which were made at 75m, and PAN measureinitialised using average measured midnight concentrations,
ments which were made at 30 m. References to measuremehbwever the results are insensitive to the initial conditions.
heights in this paper are always relative to the top of the hill.Isoprene chemistry follows the MIM2 schemEafaborrelli
It is possible that the 5-m measurements are effectivelyet al, 2009 and monoterpene chemistry is split equally be-
within the canopy. To ascertain whether this is indeed thetween thex-pinene {enkin 1996 and d-limonene $tock-
case NQ measurements made at a nearby under-canopy siteell et al, 1997 schemes, representing the approximately
(4°5850" N, 117P5119"E) are compared with those made equal split between more- and less-reactive monoterpenes
in the boundary layer by an aircraft and those made at 5nseen in GC-FID measurements at Bukit Atur. The aver-
at BA. The in-canopy measurements (8 m above soil surage diurnal temperature variation measured at Bukit Atur is
face) display significantly higher levels of NO (316 pptv as used. Photon fluxes are calculated using the on-line photoly-
opposed to 37 pptv in the median at midday). However thesis schemeWild et al, 1999. As no direct measurements
aircraft and 5-m measurements of NO and N\sbow good  of cloud cover were made, model cloud cover is adjusted
agreementHjewitt et al, 2009, suggesting that the 5-m mea- such that the generated diurnal variation of the photolysis fre-
surements may indeed be regarded as representative of tiggiency of ozone to form excited oxygen atom€D), fits
well-mixed boundary layer during daytime. Unlike N@so-  the average measured by a filter radiometer at the site. With
prene measurements during OP3-1 are on average 36% lowéhis adjusted cloud cover the model reproduces the measured
at 75 m than at 5 m, indicating that isoprene does show a graphotolysis frequency of N©well, leading to the conclu-
dient in the surface layer. This is because the ratio of emission that photolysis rates are effectively simulated across the
sion rate to chemical loss rate is much greater for isoprenavavelength band of interest for boundary layer photochem-
than for NO. No such gradient is discernible for monoter- istry.
penes which have a lower emission rate. Good agreement Surface emissions of BVOCs, NO, CO and Livere
is seen for 75-m and boundary layer aircraft measurementemitted into the box at each timestep and are assumed to be
of isopreneHewitt et al.(2009. Model calculations suggest mixed instantaneously throughout the box. £hd CO are
that, at most, OH concentrations would increase by 30% beemitted followingOhara et al(2007), whilst BVOC and NO
tween 5m and 75m as a result of the gradient. An increas@missions are described in Sett.All mentions in this pa-
of this magnitude is within the uncertainty of the measure-per of emissions into the model refer to above-canopy emis-
ments and, since it is an increase, would not adversely affections. Studies of of in-canopy chemistriifugentes et al.
the analysis carried out in this study. As explained in Sgct. 2007 Farmer and Cohe2008§ have indicated that some ox-
there is considerable uncertainty over whether isoprene is #lation of BVOCs may occur within the canopy, resulting in
significant net OH sink at all. 5-m and aircraft measurementsa net emission of oxidation products above the canopy. These
of OH concentration show close agreement, supporting thestudies show that the photolytic source of OH is substantially
assertation that for most species (i.e. those lacking strong sureduced within the canopy due to the reduced photolytic flux
face emission) the 5-m measurement height on top of the hildensity and hence oxidation by ozone and/orsN@comes
is representative of, the daytime mixed layer. At nighttime, important. Farmer and Cohe(2009 infer very high levels
stratification within the clearingRugh et al. 2010 means of OH in the canopy of a pine forest which they attribute
that these measurements cannot be assumed to represent thehe ozonolysis of very reactive organic compounds emit-
nocturnal boundary layer. This paper concentrates on théed within the canopy, such as those impliedHgizinger
daytime measurements, drawing only limited comparisonset al. (2005. However the forest in which these measure-
with measurements made during the night. ments were conducted experiences high levels of ozone, with
Murphy et al.(2007) finding average 8 hour maximum ozone
mixing ratios>60 ppbv. This is compared to the very low
3 Model description and parametrisation ozone (4-8 ppbv) mixing ratios measured within at the OP3
in-canopy site. Likewise the study Bfientes et a(2007) re-
The CiTTyCAT atmospheric chemistry modéadid et al, ports significant oxidation by N§) which is unlikely during
1996 Evans et al.200Q Emmerson et al.2004 Donovan  OP3 due to the low [N¢] observed. In another modelling
et al, 2009 was run in stationary-box mode at ground level study over tropical rainforesdanzeveld et al2008 calcu-
over the Bukit Atur GAW site. Unless otherwise stated, late that about 90% of their modelled isoprene flux exits the
all model species are allowed to evolve freely and are notainforest canopy. The missing 10% is not all reacted, with
constrained to observations. Hence, the model provides aoil uptake also playing a rol€{eveland and Yavift1997,
bridge between 0D constrained box studies (&mmerson  Pegoraro et a12006. Given that oxidation products them-
et al, 2007, and other papers this issue) and global modelsselves may be deposited before exiting the canopy, the above
(e.g.,Cook et al, 2007, and other papers this issue). Model canopy-flux of oxidation products will be a relatively small
runs were carried out for 8-day periods to achieve a nearlyproportion of the whole. Hence an explicit coverage of in-
steady diurnal cycle, with all model-data comparisons be-canopy chemistry is neglected here.
ing made using output from the last day. The model was
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The box height is defined during the day by the height of Dry deposition is included for § NOy, N2Os, HNOsg,
the well-mixed PBL, which vertical velocity variance mea- HO,NO,, H,O,, HCHO, CHsCHO, CH;OOH, CH;CO3H,
surements from a pulsed Doppler LIDAR (light detection and PANs and isoprene nitrates using the values listeBvians
ranging) indicate to be 800 m between 10:00-18:00Rda- et al.(2000. The deposition velocity for isoprene nitrates is
son et al. 2010. As measurements of vertical velocity vari- assumed to be as for HN@ollowing Horowitz et al.(2007).
ance are a direct measurement of the turbulent mixing pro\Wet deposition is considered in Sest2
cess, they are the most useful data for the estimation of mix-
ing height during convective conditionsucker et al,2009.
This estimation of mixing height also agrees closely with that

derived from aerosol backscatter, which may be ConSidereﬁiﬂewitt etal.(2010 report an average midday N@nixing ra-
an indicator of the vertical extent of mixing. Aircraft profiles tio of 200 piotv In such a remote N@imited regime, accu-

over the rainforest during OP3-3 indicated that the region of o . . .
rate emissions of NO are vital to effective modelling. How-
doldh=0 rarely extended above 1000 m above ground-level, 15! Vi v N9 W

. i . . ever above-canopy measurements of NO fluxes at Bukit Atur
Wh”.St.NQ( mlxmg'ranos droppeq Of.f ragdly above800 m. are not available. Therefore it is necessary to make an esti-
A mixing layer height of 800 m is significantly less than the

o . . mate of the above-canopy emission from the available am-
1200-1500 m indicated in some studies of the Amahaber{ : . : A
. . bient concentration data. This estimation process was also
tin et al, 1988 Krejci et al, 2005 Eerdekens et al2009. ! I ! imation p W

H it ble with th tisth used to estimate isoprene and total monoterpene fluxes, as a
owever It IS comparable Wi € measuremen . cross-check. A tri-variate sensitivity study of 384 runs was
et al. (20049 who measured a mean maximum convective

boundary layer height of 1002 m (standard deviation 195 m)carrled out, varying 24-h average NO emissions from 0.002

; : ; , to 0.008 mgN m2h~! and t di is-
during the Amazonian wet season, using sonde profiles. Th 0 mg and monoterpens anc 1Soprene emis

i cation of wet - tant as the 1200_1500 Sions from 0.06 to 0.24 and 0.14 to 0.37 mghh—2 respec-
specihication ot wet season IS important as the — “tively. The selection of these ranges was informed by previ-
measurements were all made in the dry season when bound-

: : ) us coarser resolution sensitivity studies, covering a much
ary layer heights have been observed to be higher than in thﬁ/ider range of values. The isoprene emission followed a

diurnal cycle defined by its characteristic light dependence
t(‘i'suenther et al.2006§. Monoterpene emission was set to
Sollow a the same diurnal cycle as isoprene, following the
findings of Kuhn et al.(2004 and the OP3 measurements,
which also suggested very little monoterpene emission dur-

4 Emissions optimisation

made during the Amazonian wet season is most appropriat
Upon collapse of the well-mixed boundary layer at
18:00 LT, the box is split into two separate layers, the lower

:)ne relp\yerefentlng :Ee inversion-capped no:turrlﬁl bour\dda%g the night. A cost function was then run over the model
ayer ( ), an € Upper one representing the res uaoutput to locate the optimum emission fluxes that replicate

Ia_yer. T_hese Iay_e_rs are integrated separately throughout tr}%e concentrations observed in the field. The cost function
night with no mixing between them. When LIDAR mea- oo pg campaign-median values for each hour of a 24-

surements show turbulent mixing to be re-initiated betweenh :
. . le f H, NO, NG, O3, ,
08:00-10:00 LT the following mornindPearson et gl2010, H(C);’igogrigthe f(?rm Q, O3, isoprene, monoterpenes and

the residual layer concentrations are gradually mixed into the

lower box as the mixing height rises, until the lower box has = NEAGESA]
engulfed the residual layer, following the parametrisation, Ctom'i;:();( ( ));l—(,)> @
—10i=
where Ciotgl IS the total cost, a dimensionless metric where
CL(i,t)=Cy(i,t — D+ small numbers indicate a better fitjs the hour of the day,
. . m(t) n is the number of species used in the fitting js the cam-
<(CU (@,r=1)—CLl,r=1)x m X T) @) paign median measured concentration of a species for each

hour of the day and; is the modelled concentration of that
whereC andCy are the concentrations of speciest time  speciesw is a weighting function for that species (typically
t in the lower and upper box respectively,is the mixing  w=1). Only 10:00-18:00LT concentrations were used, as
height (height of the lower box)n is the rate of mixing LIDAR measurements give confidence that the flux tower is
height rise andl’ is the model timestep. In the absence of fully enveloped by the PBL during that period, and hence the
reliable measurements, the nighttime PBL height is set atvell-mixed assumption of the model is valid. Median values
200 m following sensitivity studies of the measurement fit. are selected to represent the “typical” day, and eliminate the
The aim of this optimisation is to gain the best fit to the day- influence of extreme events. To reflect the fact that the OH
time measurements and therefore comparisons of the modind HQ+RO, measurements may carry more uncertainty,
elled nighttime concentrations to the measurements shoulthe function was also run wittv=0.5 for these species. The
be made with caution, especially for the lower box. No otherresult returned was virtually identical, indicating a robust fit
mixing or entrainment processes are permitted. with respect to the observations.
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The best-fit cost function result o0fCigta = 2.20 .
was found at a 24-h-average monoterpene emission of
0.15mgm2h~1, isoprene emission of 0.23 mgrhh—! and 65
NO emission of 0.005mgNnfh~1. It can been seen from
Fig. 1 that the region of values belo@a=2.3 (coloured 78 6
dark blue) is quite broad. The best fit is located at the 7
furthest-right point of this dark blue area (black dot in f 55
Fig. 1), however this quite broad general minima indicates ‘
that monoterpene emissions can be traded on an approx
imately 1:1 basis for isoprene emissions for only a small
penalty in fit. This is not altogether surprising given the
broadly comparable atmospheric chemistry and lifetimes of
these species, at least as far as the model is concerned. It we
not possible to use observations of methacrolein (MACR)
or methyl-vinyl ketone (MVK), which are oxidation prod-
ucts unique to isoprene, to distinguish between isoprene anc
monoterpene chemistry, as the strong model overestimatior
of MACR and MVK (see Sect5), suggests these products 0o
are not being treated correctly in the model. 0.15
The best-fit isoprene and monoterpene emissions show ex
cellent agreement with the measured eddy-covariance fluxes
following the median measurement very closely throughout
the day (Fig2). It should be noted that these isoprene emis-
sions are much less than the 1.7 mgih~! predicted for  Fig. 1. Cost function surface generated to find the optimum emis-
the region byMller et al.(2008 for the year 2001. The 24- sions of isoprene, monoterpenes and NO to fit measurements of OH,
h average measured isoprene (monoterpene) emission for th¢O, NO,, Os, isoprene, monoterpenes and JRO,. Lower val-
“typical” day was 0.28 (0.19) mg meh—1 (Langford et al, ues indicate a better fit, with the minima marked by a black dot.
2010. The model-data agreement gives confidence in the
estimated NO emission. It also suggests that this method
may be useful in estimating emissions in other campaigngnethod van Dijk and Duyzer 1999 at a nearby under-
where flux measurements are not available, assuming the tH@anopy site (468 50”N, 11751 19" E). As the PBL can
local chemistry and mixing is adequately understood. As thede considered well-mixed during the day, then the model es-
model generated fluxes can only account for what remaindimate may be considered to be representative of the above-
or is reacted in the boundary layer, it is possible that muchcanopy NO flux over a fairly large locality. The difference
of the 18% difference between model estimated and meabetween the model estimate and under-canopy measurements
sured emissions may be explained by venting to the free trois 96%, compared to the 75% and 50% canopy reduction es-
posphere. If venting out of the top of the boundary layertimated for tropical rainforest byienger and Levy(1999
is occurring, then comparisons against the eddy-covarianc@ndGanzeveld et al2002 respectively.
fluxes, which measure the total flux from the surface, only To test the impact of higher NO fluxes, the model was run
necessitate that the model generated net flux into the PBL bwith the measured soil NOemissions, using a canopy re-
less. duction of 75%. This resulted in a 400% overestimation of
The model-estimated above-canopy NO emission comimidday [NGy] and 180% overestimation of [NO] compared
pares very well with the yearly average above-canopy fluxto the measurements. Furthermore N@ixing ratios were
estimate of 0.005mgNnfh~1 given for the area in April hugely overestimated at greater than 2 ppbv. Such high emis-
by the Yienger and Levy(1995 database. Monthly val- sions exiting the canopy are clearly not consistent with the
ues in this database range from 0.002 in February tomeasurements, unless some very large loss gf N@ot ac-
0.012mg N m2h~1in July. Given the minimal variability of ~ counted for in the model. Possible losses ofNiPe tested
the seasonal climate cycle in Bornédh@ppell et a).2003, below.
Hewitt et al, 2010 these minima and maxima nicely bracket  Probably the most poorly understood NI@ss in this sce-
the estimated emission. Anthropogenic contributions to thenario is via organic nitrates, particularly isoprene nitrates.
local NO, budget are small in comparison to soil N this However the 10% average alkyl nitrate yield in the MIM2
very remote location. mechanism from the REONO reaction Taraborrelli et al.
However, the model-estimated NO emission is 26 times2009), is already at the high end of the spectrum of 4-12%
smaller than the soil flux of 0.13mgNTAh~—! (J. Dorsey,  suggested in the literatur€érter and Atkinson1996 Chen
personal communication, 2009) measured via the chambeet al, 1998 Sprengnether et al2002 Paulot et al.2009.
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Fig. 2. Comparison of model best fits (blue line) against the OP3-1 average measurement at Bukit Atur (black line). Upper and lower
quartiles for the measurements are marked by grey dots. Measurement height is shown in subscript. The solid blue line represents the well
mixed daytime box, whilst the dashed line shows the nighttime residual layer concentrations. The discontinuity between 08:00 and 10:00 LT
is due to the mixing between the two layers during this period.

Furthermore the dry deposition velocity applied here to thesurements. Furthermore, N@oncentrations are barely al-
isoprene nitrates is at the upper end of the range suggestddred. For details on the wet deposition parametrisation see
in the literature (0.4-5cnTs, Shepson et 811996 Rosen  Sect.5.2

et al, 2004 Giacopelli et al.2005 Horii et al, 2006. Hence
the recycling of isoprene nitrates back into Ni®small. The
NOs+isoprene>alkyl nitrate channel can be neglected due

to the very low levels of N@ and hence N@during OP3. A . . .
Treves et al(2000 have shown hydroxy alkyl nitrates, sim- \t/Ci?h F‘)/AN S fgiﬁ';eldgn d"l;o Fest th'i 1tr5]?:n‘|r?f(fjoelllo:;- run
ilar to those formed from isoprene, to be very soluble, with . d(PAN) =~ . d(higherPAN =5

Henry’s Law constants equal to x10*Matm™! at 298 K. ing the average maximum opserved byrnipseed et al.
Therefore the model is run with wet deposition enabled. Al- (20062 NOy cor;cgntratlon 's indeed redu'ced, however the
though the reduction in modelled afternoon [G@s strik- reduction of 16% is nowhere near sufficient for the mod-

. . - e ; elled concentrations to approach the measurements. In an-
ing, at its minimum value it is still more than twice the mea- .
other testVyHno,) is increased to 5.0 cnm$, the very upper

Another possibility is that increased PAN deposition, as
observed byTurnipseed et al(2006, could draw more
NOy through PAN formation to maintain equilibrium as
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end _Of the literature ra_nge. This also resglts In a 16_% '®Table 1. Individual contributions;, to the total costCigtq), and
duction in [NQ], but virtually no change in [NGl. Fi- o, mean-bias error (MBE), between 10:00-18:00 LT for the best fit
nally the NG deposition velocity is doubled to give maxi- scenario generated in Set.

mum Vgnop=1.0cms?. Only a 7% decrease in [NDis
achieved.

o _ _ Species Ci  %ofCipta % MBE
Even combining all these processes in a single run leaves

the minimum in modelled [N(] almost twice the measured mg 8'1‘2 262 _ig
value, and the concentrations in the morning, before sub- 2 : B

. . : - O3 0.05 2 +5
stantial rainfall, are highly unrealistic. Modelled N@nd OH 064 29 64
NO concentrations remain overestimated by 320% and 180% HO,+RO, 0.59 27 +58
respectively. Assuming that there is no canopy loss un- Isoprene 0.08 4 +5
accounted for in the studies ofienger and Levy(1995 Total monoterpenes ~ 0.24 11 _24
and Ganzeveld et al(2002), there are three factors which

Total 2.20 100

could explain the difference between measured and modelled
[NOy] fluxes. Firstly, the measurements of N@hich the
model is constrained against, were made 5m above grass in
a rainforest clearing. It is possible that the soil in the clear-age percentage by which the model under- or over-predicts
ing will have a different characteristic NO emission to the the measurements. It is calculated using B9 fut without
surrounding rainforest. However, as explained in Sect. taking the absolute value of the numerator.
comparison of 5-m and aircraft measurements supports the Good agreement in particular is seen fgy, @d NQ with
hypothesis that the measured 5-m [J@vas representative MBEs of +5% and-10% respectively. This robust fit tozO
of the mixed boundary layer during the day. Hence this pos-and NQ was also observed Wyike et al.(2009. The rela-
sibility is discarded. Second, it is possible that a significanttively poor fit of NO compared to the other two variables is
amount of NQ is lost from the boundary layer by entrain- attributable to the overestimation of peroxy radical concen-
ment into the free troposphere. However dilution on this trations (MBE of +58%). The interaction of peroxy radicals
scale would have a very large impact on concentrations ofind NO control the cycling of NO to Nfand HG to OH
other tracers such as isoprene, which are modelled well withvia Reaction R1), as well as conversion of RQo HO.
out an entrainment factor. Finally, natural soils demonstrate
considerable heterogeneities. Measured soil emissions bédO2+NO — OH+NO; (R1)
tween the chambers varied by more than an order of mag-
nitude. Hence attempting to scale up such values is fraught As discussed in Seck.2, when wet deposition is turned
with error as the heterogeneity of the soil at the canopy scal@n, modelled peroxy radical concentrations come into close
cannot be accurately determined. agreement with the measurements. Consequently the sim-
ulated [NQ] increases to within the bounds of the observa-
tions, due to a decrease in the rate of cycling of NO t;NO
5 Comparison of best-fit model concentrations with via Reaction R1). Conversely, constraining daytime [NO]
measurements to the measurements results in a serious deterioration of the
fit to NO2, NOy and G concentrations. N{concentrations
A comparison of the output generated by running the modelare overestimated in the model. As mentioned in Séct.
with the emissions defined in Seet, against the in-situ wet deposition can play a role for many M®pecies, and
measurements made at Bukit Atur during OP3-1, is shownindeed later analysis including the effects of wet deposition
in Fig. 2. As mentioned in Sec#, due to the nighttime (see e.g. Fig6) yields concentrations close to the measure-
meteorology, the comparison is most valid between 10:00-ments. The behaviour of 9)NO and NQ during the night
18:00 LT, hence concentrations from the surface box are onlyill be the focus of a subsequent papBugh et al.2010.
shown between these times. Concentrations modelled in the Modelled OH concentrations are around 2-3 times less
nighttime residual layer (dashed blue line) are also shown fothan those measured with an MBE 664%. As HONO
context, although direct comparison should not be made bephotolysis has been observed to contribute as much as 56%
tween modelled residual layer concentrations and 5-m levebf OH production in some forested environmenkdeff-
measurements. No concentrations are shown between 08:00rann 2007, it appears possible that a model underesti-
10:00 LT as the concentrations observed at this point will de-mation of HONO could explain the missing OH. How-
pend strongly on the height of the observer in the bound-ever measurements of HONO during OP3-3 indicate mix-
ary layer. Tablel lists the individual contributions(;, to ing ratios <10pptv. At a midday HONO photolysis rate
the total cost,Ciota, between 10:00-18:00LT. It also lists of 8.7x10"*s™1, as calculated by CiTTyCAT, 10pptv of
the mean-bias error (MBE) as a percentage of the averagelONO would generate .@x10° molecules OHcm3s ™,
10:00-18:00LT concentration. This statistic gives the aver-~3% of the modelled OH source at that time. This
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demonstrates that HONO photolysis was not important dur- Another possibility is that MACR and/or MVK undergoes
ing OP3-3, although it is possible that HONO concentrationssignificant dry deposition. The existence of a substantial
were higher during the OP3-1 period upon which our modeldry deposition flux of MACR/MVK has been suggested be-
analysis is based. This will be investigated furtheMglal- fore by Karl et al. (2004, following measurements made
ley et al.(20108h. in Costa Rica. Using eddy-covariance measurements and
Analysis of modelled OH loss mechanisms concludes thataking account for the effects of chemistry and dew, they
70% of OH loss at midday is attributable to isoprene or its di- measure an average deposition velockyiacr+mvk)) Of
rect oxidation products, with a further 11% due to monoter-1.6cms™®. However, they also calculate a possible de-
penes and their oxidation products. Constraining the modeposition velocity over the Amazon of 2—4 crisutilising
to measured daytime OH concentrations results in a stronglata published byAndreae and Merlef2001). More re-
increase in peroxy radical concentrations to more than twicecently, measurements during the AMAZE field study indi-
the measured values, whilst decreasing [NO] and JNO cated Vymacr+mvk)=2.4cm st (Karl et al, 20091, and
Interestingly the concentration of BQOs insensitive to the  measurements made over a strongly isoprene emitting oil
model being constrained to OH. Hence the increase in totapalm plantation during OP3-2 showd@macr+mvk)=1—
peroxy radicals is due to RCfrom the increased oxidation 2cms! (Misztal et al, 2010
of VOC under the higher [OH] conditions. Given the con-  Such high deposition rates cannot be explained by cur-
straints on emission fluxes provided by measurements, it aprent theory. For instanc&hang et al(2002 estimate day-
pears something may be amiss within the isoprene oxidatiotime deposition velocities over evergreen deciduous forest
scheme, as hypothesisedlbglieveld et al(2008. This pos-  of 0.341 and 0.499 cnté for MACR and MVK respec-
sibility will be explored in more detail in Secé. Morning tively, using a dry deposition model calibrated using mea-
monoterpene concentrations are somewhat underestimateslirements of @and SQ. However they note that very lit-
by the model. The reason for this is not entirely clear, buttle data is available to evaluate these values. Interestingly
may be due to uncertainty in the speciation of monoterpeneZhang et al.(2002 also predict deposition velocities for
at the canopy level, meaning the split between monoterpen®AN species~0.5cm s, whereas recent measurements by
schemes used here may not be ideal. Routing monoterpenturnipseed et al(2006§ showed deposition of PAN species
concentrations entirely though thepinene or d-limonene upto 1.5cms?. Inarecent modelling studganzeveld et al.
schemes results in changes of +14% atidb% respectively. (2008, using a similar approach to estimating dry deposition
During the night, modelled residual layer concentrationsvelocities toZhang et al(2002, overestimate MACR+MVK
of HO,+RO, are 2-3 times larger than measured at 5m, sugby 2-3 times compared to concentrations measured over
gesting that something is depleting peroxy radical concen-Suriname during the GABRIEL campaign. Such a range of
trations near the surface during the night. It is likely that this literature values illustrates that MACR and MVK deposition
is linked to the relatively high nighttime [NO] at 5 m, which rates are currently poorly characterised, yet they may be large
would react with HQ and RQ, leading to the formation of enough to significantly impact upon concentrations.
the relatively high nocturnal [OH] observed at 5m (see e.g., To test the importance of MACR/MVK deposition for
Geyer and Stut2004). Further discussion of this issue is be- the Danum Valley regime, a model run was carried out
yond the scope of this paper, but will be addressatlivalley with Vgmmacr+mvk) = 2.0cm s1. This deposition veloc-

et al.(20103. ity can explain much of the difference between the model
- and measurements, causing a 63% reduction in midday mix-
5.1 Dry deposition of MACR and MVK ing ratio to 0.8 ppbv, about twice the magnitude measured.

] ] ) MACR/MVK flux measurements over the rainforest show no
Whilst daytime modelled isoprene and monoterpene conceng|aar net flux. However, it is quite likely that any dry depo-

trations are quite close to the measurements, there is a SUjijon flux is masked in the measurements due to the spatial
stantial overestimation, by 5-10 times, of modelled MACR | 4iation of MACR and MVK chemical sources and sinks
and MVK concentrations, compared to the measurementsyithin the PBL.

This is much larger than the measurement uncertainty of The above dry deposition of MACR and MVK decreases
a factor of two. As these products are principally formed \he o sink, increasing modelled peak [OH] by 18% to
through the reaction of OH+isoprene, this lends further cre— 5. 106 molecules cmi®. This increase in [OH] in turn in-

dence to the idea that something may be wrong with thecreases modelled isoprene and monoterpene loss rates, hence
way isoprene oxidation is represented. IndBeeters et al.

) " _ decreasing their concentrations significantly below measure-
(2009 suggest that current yield for the reaction of isoprene

; _ ments. Re-computing a new best-fit then increases isoprene
peroxy radicals with NO may produce 50% too much MACR

. - *~ and monoterpene emissions, in order to maintain a fit to
and MVK in these low [NQ] conditions. However, this  ,pserved isoprene and monoterpene concentrations, conse-

alone cannot account for the overestimation seen. Such 'arg&uently reducing [OH] back to similar levels to those in
overestimations are not apparent in other oxidation productsgjg o “This jllustrates the importance of correctly character-
such as He+RO, or PAN (Fig.2). ising MACR/MVK deposition velocities to simulating PBL
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chemistry, and raises the possibility that deposition of othercentration of 31%, showing that when [N[ds maintained
important intermediate species might lead to significant erthe change in OH sink caused by wet deposition is substan-

rors in model studies. tial. Hence consideration of wet deposition is also an impor-
tant factor in correctly modelling the oxidising capacity of
5.2 Wet deposition the tropical boundary layer. The importance of correct de-

position velocities of intermediates for the OH sink is also
The model runs above also show a large build-up of organitighlighted inEdwards et al(2010.

peroxides (ROOH) te-5 ppbv over the 8 day period, These
are produced as part of isoprene oxidation, typically by the5.3 Residual layer MACR and MVK
reaction of organic peroxy radicals (ROwith the hydro-
gen peroxy radical (H&). Some of these higher peroxides In their paper describing modelling of atmospheric chemistry
have reaction rates with OH similar to that of isoprene with over rainforest in Guyana and Surinant@anzeveld et al.
OH (~10~%%cm® molecule'! s~1) and hence may contribute (2008 report a modelled increase in residual layer MACR
substantially to the OH sink. However organic peroxides typ-and MVK concentrations during the night, which they be-
ically have high Henry’s Law coefficients1x 10° M atm2, lieve was a contributor to their overestimation of the daytime
and hence are very susceptible to wet deposition processesconcentrations of these species. Although this study focuses
In this study wet deposition has been simulated usingupon daytime measurements for reasons explained in&ect.
the S-WET2 scheme described Real et al.(2008. This some analysis of this problem is possible here.
scheme has been extended to cover all appropriate speciesCiTTyCAT also observes a small increase in the upper box
in the organic schemes used here. Henry's Law constantMACR and MVK concentrations during the night. The small
have been taken frofBandel(2009 andTreves et al(2000 magnitude is likely due to the lower concentrations of ozone
where available. For those species lacking a measured valusnd isoprene during this study ¢.anzeveld et a(2008. It
for Henry’'s Law, the most structurally similar compound is possible, although absolute confirmation cannot be made,
with available measurements has been utilised. The pH othat the 75-m observations are within the residual layer dur-
rainwater in this remote region is assumed to be 5.6. Notabléng the night. If this is the case, the decrease observed dur-
species aside from ROOH which undergo wet deposition ining the night in average total MACR+MVK mixing ratios
the scheme are HCHO, HOH20,, HNO3, HO;NO,, CHO- from 335pptv at 18:00LT to 91 pptv at 06:00 LT, suggests
CHO, CH,CHO and isoprene nitrates. The rain rates sup-the model is incorrectly modelling production and/or loss
plied to the model are the diurnal averages of those measureduring the night. Nighttime measurements of isoprene con-
at Danum Valley Field Centre {8742’N 1174812'E) centration at 75m are around 50% of those modelled in the
during the course of OP3-1. This profile gives no rain duringresidual layer. Therefore, if these measurements really are
the morning, but a strong peak ef3mm ! at 15:00LT, in the residual layer, it is clear that50% too much night-
with levels circa 0.5 mmtt persisting throughout the after- time production of MACR and MVK is being modelled.
noon and evening. All rainfall is assumed to be convective. Note that this does little to affect the model overestimation
Applying this wet deposition parametrisation to the model of [MACR+MVK] as most of the modelled increase takes
run shown in Fig2 leads to an 88% reduction in modelled place during the day. However, the model overestimation of
midday [ROOH] to~0.7 ppbv. This is much closer to air- [MACR+MVK] also means its loss rate to its reaction with
craft measurements made during OP3-3-@2 ppbv. Fur-  ozone is being overestimated many more times than its pro-
thermore the tendency of ROOH to accumulate in the boxduction. When MACR and MVK concentrations overall are
is greatly reduced. Peak HCHO mixing ratios are reducedreduced by deposition, the net nighttime production in the
from ~4 ppbv to~1.5 ppbv, with almost no HCHO persist- residual layer is increased as gross production is virtually un-
ing in the afternoon. Clearly wet deposition is a very impor- changed, but loss to ozone is reduced (see@jig.
tant loss process for several BVOC oxidation products in this  This lends support to the hypothesis ®@&nzeveld et al.
environment. (2008 that intermittent nocturnal transport events may be
The photolysis of HCHO is an important source of $)O connecting the residual layer with the surface, allowing some
so a reduction in HCHO concentrations will play a role in deposition from the residual layer. In CiTTyCAT such ef-
the 25% reduction in modelled peroxy radical concentra-fects are implicitly accounted for in that by defining the
tions yielding a negative impact on OH production. However, NBL height, which controls deposition rates, by a sensitiv-
overall, the change in the OH sink cancels out this decrease iity study optimised to daytime concentrations, what is ac-
production. Closer inspection reveals that the wet depositiortually defined is an effective NBL height with the aim of
of NOy, in particular isoprene nitrates, leads to a substantiaproducing the correct concentrations at the end of the night.
reduction in ambient [N¢J. When the NO emission is in- The idea that an optimised NBL height implicitly incorpo-
creased to cancel out this effect the decrease inp[HRD;] rates mixing with the residual layer has been suggested be-
is almost unchanged, but an increase in peak [OH] of 72%ore by Strong et al.(2009. Indeed, the net change in
is revealed with a consequent decrease in peak isoprene cofiMACR+MVK] averaged over both boxes during the night
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is negative wherVgmacr+mvk)=1.5cm slis applied. As et al, 2007 that the reaction of terpenes and ozone could
a box model cannot reproduce the chemical gradients causegatoduce sufficient OH to bridge the gap between models and
by limited mixing in a stable boundary layer, this solution is measurements. Howev&anzeveld et a2008 concluded
adequate for the purposes of this study. However, assuminthat this pathway alone could not explain the model deficien-
the 75-m nighttime measurements are in the residual layer, ities. Modifying the model here such that each reaction of a
would appear that any model attempting to accurately recreterpene with @ produces one OH molecule, can only gen-
ate residual layer concentrations will need to account forerate [OH] within the bounds of measurements at terpene
such nocturnal transport events. emission rates much greater than those of isoprene. This test
was carried out utilising the rate constant of the sesquiter-
pene g-caryophyllene, which, compared to most monoter-
6 Isoprene and OH penes, has a very fast reaction with &nd a relatively slow
reaction with OH Atkinson and Arey2003. Thornton et al.
The cause of [OH] underestimation over tropical rainfor- (2002 and Lelieveld et al.(2008 noted that errors in the
est is currently unknown, although such model underesti-photochemical rate constants could be responsible, particu-
mations of [OH] measurements have been observed beforearly those for the dissociation of higher peroxides. However
Tan et al.(2001), measuring over a North American decidu- Kubistin et al.(2008 found no evidence for this.
ous forest, found that observations of [OH] were on average
2.7 times greater than the modelled concentrations. How6.1 OH recycling
ever the modelled and measured H®ere in good agree-
ment. Carslaw et al(200]) similarly found that modelled Several recent studief€lieveld et al, 200§ Butler et al,
OH concentrations over a forest in Northern Greece were or2008 Kubistin et al, 2008 have noted the apparent correla-
average, half the measured concentrations. For both thed®n between OH and isoprene concentrations, and hypoth-
studies observed concentrations of isoprene wetg@pbyv.  esised that, under low-NQOconditions, there is an as-yet-
More recentlyRen et al.(2008 found observed [OH] was unknown pathway in the isoprene oxidation process that is
as much as 4 times larger than modelled OH in the bound+esponsible for recycling OH. Their suggestion is supported
ary layer over North America. They also found that higherto some extent by the experimental work lédsson et al.
model underestimation was clearly correlated to increased2004, Jenkin et al(2007) andDillon and Crowley(2008),
concentrations of isoprene. In the only other studies to datevho found that OH could be produced by the reaction oHO
incorporating [OH] measurements over a tropical rainforest,with organic peroxy radicals containing a carbonyl group.
Lelieveld et al (2008 andMartinez et al(2008 report very  Following this,Lelieveld et al (2008 andButler et al (2008
much higher observed concentrations of OH than predicteditilised an OH recycling mechanism of,
using their chemical model. A notable feature of all these
studies is the low [N¢J] observed at the sites, and that the ISOPROO}HO, — ISOPROOH}\-nOH (R2)
model:measurement discrepancy is greater at lowsy. NO
a different studyThornton et al(2002 show that they are  where ISOPROO are peroxy radicals formed from the reac-
unable to close their HObudgets at low [NQ] based upon tion of isoprene with OH, ISOPROOH is the resulting per-
current knowledge. oxide, andh is the number of OH producedlelieveld et al.
In contrast urban modelling studies have typically agreed(2008 found values ofi=2—4 gave the best fit to their mea-
well with, or overestimated [OH] compared to the mea- surements.
surements (e.gGeorge et a).1999 Konrad et al. 2003 The proposed chemistry behind this recycling hypothesis
Emmerson et al.2005 2007), althoughEmmerson et al. was tested by modifying the model chemistry scheme follow-
(2009 did find some days when they significantly under- ing the results obillon and Crowley(2008. All reactions of
predicted OH concentrationsRen et al.(2009 also mod-  HO, with carbonyl containing peroxy radicals in the isoprene
elled measured OH and H@oncentrations well in a rural and monoterpene schemes were altered to include a further
environment where isoprene concentrations were typicallyreaction channel producing OH. The branching coefficient
<1ppbv. SimilarlyKanaya et al(2007) overestimate both assigned to the new channel depended on the position of the
OH and HQ significantly in a model:measurement compar- carbonyl group on the peroxy radical. If the carbonyl group
ison for Japanese coniferous forests. WHisinaya et al.  was on the same carbon as the peroxy group a branching co-
(2007 measured 200-400 pptv of monoterpenes, they makefficient of 0.5 was applied, following the result for @EIO3
no mention of isoprene concentrations, which are typicallyin Dillon and Crowley(2008. For all other positions of the
relatively low for coniferous forestsSuenther et al2006. carbonyl group relative to the peroxy group, a coefficient of
The above literature supports the hypothesis that the un©.15 was applied, following C§C(O)CH20O; in Dillon and
derestimation of [OH] is related to isoprene, or an unac-Crowley (2008. Non-carbonyl containing peroxy radicals
counted for compound that is emitted following the sameare assumed not to display this reaction channel. Consider-
pattern. It has been suggested (dan et al, 2001 Karl ing this extra source of OH involving the carbonyl groups
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Fig. 3. Comparison of model output with (red line) and without (blue line) OH recycling 8.0 against the OP3-1 average measurement

at Bukit Atur (black line). Upper and lower quartiles for the measurements are marked by grey dots. Emissions are the same for both
scenarios.

resulted in only a 4% increase in the peak [OH], with a simi- was used. The cost function unambiguously returned a min-
larly small decrease in isoprene and monoterpene concentrémum atm=0.0, showing that “artificial” OH recycling did
tions. Hence it may be concluded that recycling of OH via not improve the model fit to the measurements.

the reaction of carbonyl containing peroxy radicals is only . .
able to produce a very small fraction of the missing OH. To try and understand this lack of improvement, a run was

I orer 1o st he ypothsisTral Uk OR recy- I 4 =30, e wes S 0 e 000,
cling within the isoprene oxidation scheme could improve 9 '

the model fit, a tetra-variate sensitivity study was carried out,Ing the emissions derived in Seét. Figure3 compares the

. L ._results of this run with those shown in Fig.and the ob-
varying OH recycling, isoprene, monoterpene and NO emis-

sions. Rather than assume a method for OH recycling, th servations. Once again the improved OH fit is at the cost of

generic reaction, ?he isoprene and monoterpeng proflle§, whose concentrations
are heavily reduced. Increasing the isoprene and monoter-
ISOPRENE+ OH — ISOPROO+ mOH (R3)  Ppene emission can bring these profiles back into line with the

best fit previously achieved. However, this requires isoprene
and monoterpene emissions to exceed the measured values.
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same concentration and reaction rate with peroxy radicals as
4 NO. The result was &100% increase in OH concentration
for a 10% decrease in peroxy radical concentration. However
the problem of modelled isoprene and OH concentrations not
matching the measurements simultaneously is still observed.
Hence for the purposes of this study this simply represents
another possible method for OH recycling.

3.5 . b

w
T
L

I
3
T
.

6.2 Mass balance analysis

OH concentrations may be calculated indirectly from the iso-
prene flux and concentrations aftearl et al.(2007) using,

Fs— Fe = (kon x [OH] +k03 x [O3]) X Crmeanx Zmix (3)

whereFs is the surface flux of isoprene aii{ is the entrain-
ment flux of isoprene from the top of the PBL into the free
troposphereCmean is the mean concentration of isoprene,
A . = - = Zmix IS the height of thg PBL,_ anjabH andko, are the rate
Hour of day constants for the reaction with isoprene of OH anglr&

spectively. Concentrations were only derived for the daytime

due to the lack of mixing at night. The resultant [OH] is
Fig. 4. Comparison of model output for OH, for a run with the best compared to measurements and the optimum model output
fit emissions generated in Sedtand no OH recycling (blue line),  (without OH recycling) in Fig4. This suggests an OH con-
the OP3-1 median measurements (black line, upper and lower quagentration in line with that provided by the model, suggesting
tiles marked by grey dots) and the OP3-1 median [OH] as computedhat the main features of the modelled relationship between
from isoprene fluxes and concentrations followi<ey| et al.(2007) isoprene and OH can be represented by Bj.4nd hence
(red dots, propagated error shown by bars). allowing a more simplified analysis of the isoprene and OH
problem.

. . M red val re available for the isopren
Furthermore, this reduces the OH concentration almost back easu e.d alues are ava able for the isoprene agd O
: : : concentrations and the isoprene flux. Due to low concen-
to the levels of no recycling, whilst the B®RO; levels in- . . . L
) o . . trations and slow kinetics, the isoprenestf@action is rel-
crease still further. A similar test is also carried out by con- _ . . - .
e . tively unimportant. In order to increase [OH] in line with
straining the model to measured [OH]. This reduces the peal . .
. o . measurements we can reduce the net isoprene flux into the
isoprene mixing ratio to 0.6 ppbv. . .
A recent theoretical paper eters et al2009 postu PBL by venting out of the top of the box. However this
lates an alternative meréhr;nishmg ewhich may. resultpin signifi also results in a reduction in isoprene concentration, below
. . . the bounds of the measurements. Another possibility is the
cant OH recycling via the reactions of the ISOPROO chan- P y

nel. The details of th@eeters et a(2009 scheme have not mixing height (mix). Following Eq. €), a decrease in the

been implemented here, but for the purposes of this study, i{mxmg height would negate the need for a decrease in the

. - . Isoprene concentration with a decreased flux. Howeyeg,
is expected to behave similarly to the simpler schemes de- P

; . - may be estimated quite accurately from the lidar measure-
scribed above. Using measurements of oxidised VOC mad%1 . .
ts. Furth hal th timgx f t
over the AmazonKarl et al. (20093 also suggest that the ents. Furthermore halving the daytimgy from 800m to

overall HG, recycled via this mechanism can only be 33% 23262'0\;\'8,"?4%2?83{ 'ﬁ]tfrlgf;:g ueing the emittec! fluxes, re-

of that suggested bipeeters et a{2009), in order to remain The only remaining possiBiIity is the rate of reac-

consistent with their measurements. Interestingly in regime%on_ The utilised rate constants for the reactions of iso-

of intermediate NO mixing ratios, in the 100 s of pptv, it ap- prene with OH and @ (1.0+0.2x10-10 and 127+0.25 x

pears the_elieveld et al.(2008 scheme may prove unable 10-17 e molecule-L s‘l.at 2§8 K respectively) aré the re-

to produce significant amounts of OH-H(szumahaus et gl. sult of numerous studiesUWPAC, 2009. Assuming a well

'[Zoogg,ir\;vgsrr; igtgjp?igrsN(e)tr?fiii?%%jggsgptggggﬁrfgaln;;f)?v mixed atmosphere, such well defined rates give very little
: : * room for manoeuvre, unless an outside process can influence

Hofzumahaus et a[2009 hypothesise a rather different the rate of reaction.

method of OH recycling due to increased cycling of peroxy

radicals into OH, via an unknown compound with a similar 6.3 BVOC segregation

reduction capacity to NO; a potentially convenient solution

here, given the model overestimation of [LHERO,]. This Following the work ofKrol et al. (2000, Butler et al.(2008

was also tested in the model by adding a compound with theargue that the segregation of isoprene into distinct plumes

=
o

OH concentration (molecules cm_3)
N

[

0.5
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may result in a depletion in OH within those plumes. This OH concentrations are-50% higher, whilst the fit to iso-
would invalidate the well-mixed assumption of box models prene is maintained. A substantial decrease in modelled iso-
and lead to a lower effective rate constaBitler et al.(2008 prene emission is required to generate this fit. A possible jus-
suggest utilising a 50% reduction in rate constant, whichtification for this could be venting out of the boundary layer,
when combined with OH recycling, improves their isoprene as the previous reason for not lowering isoprene emission, its

and OH fits. concentration falling too low, is no longer relevant. However
The importance of segregation can be assessed using th® data regarding isoprene flux out of the boundary layer is
Damldhler number (Da) followingdKrol et al. (2000, available to test this theory.
Trmix O3 and NG, concentrations are largely unaffected by this
Da= — (4)  model scenario. The reduced quantity of oxidised VOC is

evident in the modelled MACR/MVK concentrations which
wheretchemis the chemical lifetime andyx is the mixing are reduced by 33% at midday, and in the 480, and
timescale. If Da- 1 then segregation effects are likely to be paN concentrations, both of which are closer to the mea-
most prominent. Using average midday [OH] during OP3-1,5yrements. Some care however, must be taken in using the
yields an isoprene lifetimergnen) of ~80min. 7mix can be  modelled MACR/MVK concentrations as support for the rate

approximated by the convective velocity timescale, constant reduction due to the poorly understood loss pro-
Zi cesses for these compounds. Furthermore, it is possible that
t*:w_* ©) any physical process which impacts upon the rate of the
where OH+i§oprene reaction may also affect the MACR/MVK+OH
' reaction.
gxzi 3 At this point it is worth considering that, whilst OH recy-
Wi =[ T, Fi } (6) cling alone was shown not to be able to reconcile OH and

isoprene concentrations in Se6tl, in conjunction with a
wherez; is the height of the boundary layey,is acceler-  reduced rate of reaction, it might be able to consume some
ation due to gravityTy is the virtual temperature anfy of the missing isoprene flux, that would otherwise have to
is the kinematic heat flux. Using average values yieldsbe vented out of the boundary layer. If the standard reaction
w,=14ms1 at midday, givings,=9min. In this case rate between isoprene/monoterpenes and OH is indeed too
Da=0.1, suggesting that the role of segregation at Bukit Atur high, the extra isoprene loss this causes would have masked
may be limited. However the range of OH measurementshe need for some OH recycling in Se6tl This will be
is large, with peak concentrations6x 10° moleculescm®  addressed further in Seét4.
recorded on some days. An OH concentration of this mag-
nitude would result in an isoprene lifetime 28 min, and 6.4 Further discussion
hence a Dami&hler number much closer to unity. In com-
parison,Butler et al.(2008 suggest an isoprene lifetime of In the analysis presented herein, isoprene concentrations are
<30 min over the Guyanas, which is comparable to the esti+elatively low compared to other studies over a tropical rain-
mated convective mixing timescale during their campaign offorest. For examplélarl et al.(2007) report an average noon
8-16min. In order to definitively prove the segregation hy- isoprene flux of 7.8 mgm? h~1, around seven times larger
pothesis, high-frequency, co-located measurements of VOC#an that during OP3-1, leading to a peak measured isoprene
and OH are required. These are not available from the OP®nixing ratio of ~7 ppbv. Modelled isoprene concentration
or other campaigns. for OP3-1 is approaching steady state after 8 days and is
In order to ascertain whether reducing the rate constanvery close to the observations. However, enteringkhd
could improve the model fit, the sensitivity study outlined et al.(2007) flux into the CiTTyCAT model causes mixing ra-
in Sect.4 was carried out with a 50% reduction in the ef- tios of isoprene to accumulate to highly unrealistic levels of
fective rate constant of OH+isoprene. As any physical pro-over 100 ppbv, clearly indicating an underestimation of the
cess affecting the OH+isoprene rate would also likely affectisoprene sinks. Note that this is not an attempt to simulate
the OH+monoterpene rate, reduction factors are also appliethe Karl et al. (2007 regime, as differences in temperature,
to these reactions. Applying the cost function defined inboundary layer dynamics, etc are not considered, and to do so
Eg. () to this run generated a minima 6f,5=1.83 at a  would be beyond the scope of this paper. However, the extent
24 h average monoterpene emission of 0.15mgnT?, an of the isoprene accumulation can be explained by consider-
isoprene emission of 0.18 mgrhh—1 and NO emission of  ing the relative contributions to OH production. Making the
0.005mgNnm2h-1, assumptions that every reaction of isoprene and OH regener-
Model output using these settings is shown inred in Big. ates one OH radical and other OH production is dominated
The green line shows a model run with the same emissiorby Reaction (R1),
rates, but without the change in effective rate constant, so as
to show the effect of the rate constant reduction more clearlyO(*D) + H,O — 20H (R4)
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Fig. 5. Comparison of model output with the OP3-1 average measurements at Bukit Atur (black line). The blue line is the run shown in
Fig. 2. The red line is a run with the isoprene+OH rate constant reduced by 50% and the emissions adjusted as per the best fit. The greer
line shows the effect of the emissions change alone.

it is possible to estimate the potential contribution of OH re- tions remaining equal, OH recycling via isoprene would con-

cycling to the overall OH production using, tribute 322x 10° molecules OH cm3 s~ or 89% of OHprod.
OHorod Of course these percentages will vary depending on the yield
— P —2(k1[O'D][H20]) +k2[HO2][NO] of OH assumed.

+k3[ISO][OH] 7) Hence OH recycling has the potential to dominatepid

in high isoprene environments, such as observedas
wherek1, k2 and k3 are the rate constants for the respec- et al. (2007, where neglecting to consider it would be to
tive reactions. Entering average midday measured concerpotentially ignore the principal source of OH production.
trations (except for D) and HQ where modelled concen- However, considering that a reduced effective rate constant
trations are used in the absence of measurements), shows tHat isoprene+OH may reduce the contribution of OH recy-
4.1x10° molecules OHcm3s~1 are contributed by Reac- cling by half, its effect in the regime measured during OP3-
tions (R4) and R1), whilst 7.4x10° molecules OHcm3s~1 1 may be greatly reduced. Overall, it is clear from the re-
are contributed by isoprene+OH. Hence OH recycling viasults presented above, that whilst there may be an important
isoprene would contribute 64% of @Hgy. However, with  role for unknown OH recycling in moderating modelled iso-
an isoprene mixing ratio of 7 ppbv, and all other concentra-prene to reasonable levels in the most isoprene-rich tropical
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Fig. 6. Comparison of model output with the OP3-1 average measurements at Bukit Atur (black line). The blue line is the run shown in
Fig. 2. The red line is shows S1 and the green line shows S2, as described B.&ect.

environments, it is not able to fully explain the modelled un-  The fit returned atCiota) = 1.11, referred to below as
derestimation of [OH] in all cases. S1, gives an effective rate for isoprene/monoterpenes+OH
Given that several factors presented herein have been abE0% of the IUPAC value Vgmacr+mvk)=1.5cm st and
to affect the VOC+OH chemistry, a final sensitivity study of m=0.25. Emissions of isoprene and monoterpenes were
10000 runs is carried out, varying the effective rate of iso-0.28 and 0.17mgm?h~! respectively, and those for
prene/monoterpenes+OMgmacr+Mmvk ), OH recyclingvia  NO, 0.007 mgNm2h-1.  The fit returned atCiota =
Reaction R3) and emissions of isoprene, monoterpenes and.99, referred to below as S2, has the same rate con-
NO. Wet deposition is also enabled. Two potential best fitsstant reduction of 50% and the same NO emssion, but
are found in the parameter space. The reason for this beVymacr+mvk)=2.5cm s1 andm=0.0. Emissions of iso-
haviour being that both OH recycling in the isoprene oxi- prene and monoterpenes were 0.26 and 0.18 migm? re-
dation scheme and greater deposition of MACR and MVK spectively. Analysis of the output concentrations shown in
result in the required increase in OH. Therefore more infor-Fig. 6 demonstrates that both give a good fit within the mea-
mation is required to determine the exact position of this bal-surement uncertainty.
ance. There is a 71% (72%) reduction in the contribution of OH
to Ciotal for S1 (S2), giving an MBE for OH of-9% (—5%),
well within measurement uncertainty, whilst maintaining
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isoprene and monoterpene fits. In S@gtwas demonstrated 7 Summary and conclusions
that the 5-m OH measurements may underestimate boundary
layer OH by up to 30%. The optimised model fit would still To our knowledge, this is the first modelling study of the
lie in the uncertainty bounds of the OH measurements forchemistry occurring in the tropical rainforest PBL to utilise
both S1 and S2 even if such a gradient in OH exists. No-such a wide suite of ground-based measurements, includ-
tably secondary species such as HR0,, PAN and NQ ing both [OH] measurements and VOC fluxes, to inform the
also show improved fits to the measurements, further demoandening. It is also the first detailed model:measurement
strating the importance of the physical processes consideregomparison over the relatively unstudied South-East Asian
to accurate simulations of the chemistry. rainforest. The ability of the CiTTyCAT model to represent
Although this study is unable to precisely define the rel- the broad features of atmospheric composition above a tropi-
ative contributions of MACR/MVK deposition and OH re- cal rainforest has been demonstrated. In particular the model
cycling, these results offer an improved explanation in manyappears to perform robustly with respect to Nénd Q
respects. Regardless of whether S1 or S2 is chosen, the meghemistry. The potential to generate net fluxes of compounds
sured emissions of isoprene and monoterpenes are fully adnto the PBL, utilising ambient concentration measurements
counted for, whilst the rate constant reduction of 50% re-has also been shown, and the technique may be applied to es-
quired to generate the improved OH fit is the same as thatimate fluxes where measurements are not available, or PBL
suggested bButler et al.(2008. Although such a reduction venting where they are, assuming a sufficient knowledge of
in rate is substantiaKrol et al. (2000 find rate reductions the local chemistry and mixing. However modelling chem-
between a reactive hydrocarbon (RH) and OH up to 29.494stry above the South-East Asian rainforest is shown to suffer
using a Large Eddy Simulation model with heterogeneousthe same problems with reconciling BVOC and OH concen-
NO and VOC emissions. As the rate they utilise for the reac-trations highlighted in other tropical modelling studies.
tion of OH+RH is approximately one quarter of that between It has been shown that both dry and wet deposition of in-
isoprene and OH at 298KYPAC, 2009, it is reasonable termediate VOC oxidation products can have a very signifi-
that even stronger segregation may exist for the latter reaccant influence on both their concentrations and the oxidation
tion. Vinuesa and V&-Guerau de Arellan@005 suggest  capacity of the boundary layer. Itis critical that further inves-
a reduction of 40.5% for a reaction of OH+RH with a sim- tigation into deposition processes over tropical forests is car-
ilar rate to isoprene+OH. When the stated 20% error in thefied out, in order to reduce the uncertainties in these regions.
isoprene+OH rate constartJPAC, 2009 is taken into ac- The importance of considering micrometerological mixing
count, the reductions here do not appear unreasonable. It Brocesses when modelling compounds of intermediate atmo-
important to note that whilst the agreement wlthtler etal. ~ spheric lifetime such as isoprene has also been highlighted.
(2008 is good, this by no means infers that 50% rate constant In the light of the work presented here, it appears that in-
reductions for isoprene/monoterpenes+OH should be applie@dequacies apparent in box and global model studies of trop-
in every situation. A different forest landscape, for instanceical VOC chemistry may be more strongly influenced by rep-
one with a less varied distribution of NO or VOC emitting resentation of detailed physical and micrometeorological ef-
species or different turbulent mixing characteristics, might befects than by errors in the chemical scheme. Further mea-
expected to experience a different intensity of segregation. surement work is required to fully understand the nature of
An OH recycling fit of betweenn=0.0 andm=0.25 is  these processes, so that they may be accounted for effectively
small, demonstrating the magnitude of recycling required inin future studies.
this scenario is much less than has been suggested in Oth,%\E:knowledgementsThis work was funded by the Natural Envi
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