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Abstract. Forests are the dominant source of volatile or- 1 Introduction

ganic compounds into the atmosphere, with isoprene being

the most significant species. The oxidation chemistry ofAtmospheric oxidation, predominantly initiated by the hy-
these compounds is a significant driver of local, regional anddroxyl radical (OH), removes biogenically and anthro-
global atmospheric composition. Observations made ovepogenically emitted volatile organic compounds (VOCs)
Borneo during the OP3 project in 2008, together with an ob-from the atmosphere. The reaction of OH with VOCs leads
servationally constrained box model are used to assess oli® & complex cascade of reactions and species. Understand-
understanding of this oxidation chemistry. In line with previ- ing this cascade is a significant challenge for atmospheric
ous work in tropical forests, we find that the standard modelchemistry and climate. Isopreneds) is produced by the
based on MCM chemistry significantly underestimates thebiosphere and is the dominant biogenic VOC emitted into the
observed OH concentrations. Geometric mean observed tdtmosphere. A good representation of its chemistry is central
modelled ratios of OH and HOn airmasses impacted with t0 our ability to understand the past, present and future com-
isoprene are 5.323 and 1.18339 respectively, with 68 %  Position of the atmosphere.

of the observations being within the specified variation. We Previous studies have suggested significant flaws in our
implement a variety of mechanistic changes into the modelability to understand isoprene oxidation chemistry, notably
including epoxide formation and unimolecular decomposi-through a significant underestimate of the OH concentration
tion of isoprene peroxy radicals, and assess their impact o @ir with low concentrations of nitrogen oxides but high
the model success. We conclude that none of the currergoncentrations of isoprene (Carslaw et al., 2001; Tan et al.,
suggestions can simultaneously remove the bias from bot#001; Thornton et al., 2002; Ren et al., 2008; Butler et al.,
OH and HQ simulations and believe that detailed laboratory 2008; Kubistin et al., 2010; Lelieveld et al., 2008; Martinez
studies are now needed to resolve this issue. et al., 2010; Hofzumahaus et al., 2009; Pugh et al., 2010;
Wolfe etal., 2011; Whalley et al., 2011). Field studies, cham-
ber studies and theoretical chemical studies have all recently
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Studies of OH and H® chemistry in a forested region nal cycles of OH and H®(Hofzumahaus et al., 2009). The
of Greece during the AEROBIC97 (Aerosol formation from nature of this missing compound remains unknown.
Biogenic organic Carbon 1997) campaign (Carslaw et al., In our previous study as part of the African Monsoon Mul-
2001) and in isoprene-rich regions during the INTEX-A (In- tidisciplinary Analysis (AMMA) campaign (Commane et al.,
tercontinental Chemical Transport Experiment-A) (Ren et2010; Stone et al., 2010) we also found that modelleg HO
al., 2008) noted significant model underpredictions of OH concentrations were consistent with observed,H@en in
concentrations but failed to offer any mechanistic explana-high isoprene airmasses over the rainforest but were unable
tions. to investigate our understanding of OH concentrations owing

. . to instrumental issues.
During the Guyanas Atmosphere-Biosphere exchange and In conjunction with the aircraft HQ measurements re-

Radicals Intensive Experiment with the Learjet (GABRIEL) ported in this work for the Oxidant and Particle Photochem-

cr?mpaign, QH an.df HE obse:yaticl)gs we:e madg OVer ical Processes (OP3) campaign in Borneo in 2008, Whalley
t. e Amazonian rainforest (Le 1eve _et al, _2008’ Mar- ot al. (2011) and Edwards et al. (2011) made ground based
tinez et al., 2010). ~Model .s|mula.t|ons with both the measurements of OH, HCand OH reactivity in the Sabah
ECHAMS/MESSy global chemistry-climate model (Butler qqion of the Borneo rainforest. Analysis of these ground
etal., 2008: L_elleveld et aI.,. 200_8) and the MECCA box 5564 measurements also indicates missing OH sources in
mOdeI (Kublstln ?t al., 2010; Lelieveld et ‘fil" 2008), US this region (Pugh et al., 2010; Whalley et al., 2011; Edwards
ing chem|stry_der|ved from the Master Chemical Mechanlsmet al., 2011), and model calculations using a version of the
(M.CM) (Jenkin et_al., 2003; Saunders et al., 200,3)’ SI‘~:]'Dynamically Simple Model of Atmospheric Chemical Com-
nificantly underestimated the observed Héncentrations, plexity (DSMACC) described in this work also indicate miss-

with mean observed to qu_elled ratios ofA£3.5 _for OH ing OH sinks (Whalley et al., 2011; Edwards et al., 2011).
and 41+1.4 for HO, (Kubistin et al., 2010). Lelieveld et \\1ua the missing OH source in the morning could poten-

al. (2008) proposed that the missing OH in thg model fortially be explained if there were a buildup of HONO dur-
GABRlErI; maylrgsult from the neg_lect of potent|'al O'? pro- ing the night, with subsequent photolysis during the morning
.ducmg channels in HE* ROZ reactions. Productloq of OH (Whalley et al., 2011), the missing OH source in the after-
in certain HQ + RO, reactions has been ol?served directly by - 0on appears to be related to isoprene (Pugh et al., 2011;
Dillon and Crowley (2008), and has been inferred by productWhalley et al., 2011; Edwards et al., 2011), and is consis-

s}udies (Hasson et al,, 2004; L? Cra?e etal., 300(,5; Jgnkin §Ent with results from the GABRIEL project (Kubistin et al.,

a ".2007']: 2008’_2h010)' Inc uspr; of OH prcfn uction In re- 5510 | elieveld et al., 2008; Martinez et al., 2010). The com-
actions of HQ with peroxy radicals derlyed rom ISOPrene pination of OH concentration and reactivity measurements
(ISOPQ) m_the MECCA box model provided a r_"a”‘ed im- by Whalley et al. (2011) and Edwards et al. (2011), how-
provemer.wt in quel success for OH and ﬁ(l)_elleveld et ever, enable greater constraint on the model, and indicate that
aI.,_ 2008; Kubistin et_ al., 2010). However, high branching the magnitude of the OH source required by previous stud-
ratios for OH producing channels (200 to 400 %) were € jes (Butler et al., 2008; Hofzumahaus et al., 2009; Kubistin

quired_ir;] the model,lar;]d gehner?tion ?f OH in reactionsfofet al., 2010; Lelieveld et al., 2008) may be even bigger than
HO, W't. RO, rad|c.a.s as thus far only been observed for previously thought owing to an underestimation of the OH

RO, radicals containing acyk-carbonyl,«-hydroxy orc- sinks

alkoxy functionalities (Hasson et al., 2004; Le Crane et al., From these studies, there is, therefore, a growing body of

2006; Jenkin et al., 2007, 2008, 2010; Dillon and (?fOW'eV' evidence from field measurements of OH andJ-#0ggest-
2008). The observed branching ratio for OH production froming failures in our understanding of H@hemistry in envi-

RO, radicals structurally similar to ISOFhas been given o0 hio b o terised by a combination of low,\®n-

an upper limit of 6 % (Dillon and Crowley, 2008). Thus this ;orations and high emissions of biogenic VOCs (Carslaw
mechanism appears chemically unlikely. et al., 2001; Tan et al., 2001; Thornton et al., 2002; Ren et
Measurements of OH made during the Program of Re-al., 2008; Butler et al., 2008; Kubistin et al., 2008; Lelieveld
gional Integrated Experiments on Air Quality over the Pearl et al., 2008; Martinez et al., 2010; Hofzumahaus et al., 2009;
River Delta of China (PRIDE-PDR) campaign in July 2006 Pugh et al., 2010; Whalley et al., 2011). In addition to these
were again found to be higher than those predicted byfield studies there have been a number of recent experimental
a box model by a factor of 3 to 5 at low NO concen- and theoretical studies indicating that the OH-initiated oxida-
trations 1 ppb), although modelled HOconcentrations tion of isoprene under low NQconditions is poorly charac-
were in good agreement with observations (Hofzumahaugerised and misrepresented (Peeters et al., 2009; Paulot et al.,
et al., 2009). Additional OH production in the model from 2009; da Silva et al., 2010).
HO; + RO, reactions was insufficient to explain the model Chamber studies by Paulot et al. (2009) have shown that
discrepancy for the PRIDE-PDR campaign, but an unidenti-the reaction of OH with isoprene-hydroxy-hydroperoxides
fied missing species in the model (X), which converts;RO (ISOPOOH), produced in the reaction of isoprene de-
to HO, and HQ to OH, could explain both the mean diur- rived peroxy radicals (ISOPL with HO,, can lead to the
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formation of epoxide species with regeneration of OH un-shown that the Peeters mechanism is able to reproduce av-
der low NG conditions. Structurally similar epoxides were erage boundary layer concentrations of OH and,HD-
shown to lead to secondary aerosol formation, which may seserved during GABRIEL and INTEX-A aircraft campaigns
quester gas phase carbon from the atmosphere and result io within 30%. Implementation of the Peeters mechanism
reduced OH loss in models due to a reduction in importancen this model increased the modelled OH concentrations by
of reactions of OH with isoprene oxidation products (Paulota factor of up to 4 over densely vegetated areas, and in-
etal., 2009). creased the H@concentrations by a factor between 2.5 and
Modelling of HO; measurements made in a Ponderosa3 (Stavrakou et al., 2010). The epoxide scheme (Paulot et
pine plantation in Sierra Nevada in 2007 (Wolfe et al., 2011)al., 2009), however, gave increases in OH concentration by a
during the Biosphere Effects on Aerosols and Photochem{factor of only 0.25 in the same model framework (Stavrakou
istry Experiment (BEARPEX) incorporated the isoprene et al., 2010) and could not replicate the observations.
epoxide scheme (Paulot et al., 2009) in the one-dimensional This recent literature thus provides four main suggestions
Chemistry of Atmosphere-Forest Exchange (CAFE) model.to explain the model underestimate of OH concentration:
However, additional OH sources during hot periods when
temperatures and VOC concentrations were high were still 1- ROz +HO2 — OH (Hasson et al., 2004; Le Crane etal.,
required, with a return of OH from peroxy-peroxy reactions 2006; Jenkin et al., 2007, 2008, 2010; Dillon and Crow-
being the chosen mechanism, similar to the work of Lelieveld €Y, 2008; Lelieveld et al., 2008; Kubistin et al., 2010)
etal. (2008) and Kubistin etal. (2010). 2. HOy+X — OH (Hofzumahaus et al., 2009)
Theoretical investigation of the OH-initiated oxidation
of isoprene by Peeters et al. (2009) suggest that there is 3. ISOPOOH + OH- IEPOX + OH (Paulot et al., 2009)
a rapid equilibrium between initial radical products of the
OH +isoprene reaction and their corresponding peroxy rad- 4 ISOPG — HPALD + HO; HPALD + v — OH
icals produced on reaction with molecular oxygen, result-  (Peeters etal., 2009; Peeters and Muller, 2010; Nguyen
ing in the greatest reaction flux through the fastest prod-  etal., 2010)

uct forming pathway. Peeters et al. (2009) propose that t.hPArchibaId et al. (2010, 2011) investigated several of these

I\?vi[eosfttﬁzthvg’g; Or(;((:j'viléeﬂ?srourgohdSgilrrpo:jeaurizrulr;gz-:drs:tgtj Inusing a box model based on the MCM and the global
hydroperoxr;-aldghydes (I-’HSALDS) gThe HPALD products chemistry-transport models STOCHEM (Archibald et al.,
are thought to photolyse rapidly dl.Jring the day to produce2010) and UKCA (Ar_chibald et al, 2011). Th_ese studies
OH, thereby increasing the expected yield of both OH andconcentrated on the |mpa_ct on OH concentrations, and the
' consequences for modelling past, present and future atmo-

:(PJKLDSUESF?UQN cherlr:_lstry_ of th% ?rganlt(_: fra%mehntts Ofspheres, but suggest that the mechanisms implemented in the
photolysis, resulting in rapid formation of photo-- ., 4| \would not be able to reconcile the models with labo-

labile peroxy-acid-aldehydes (PACALDS), is also expectedratory and field data.

to further increase the OH and HQields (Peeters et al., In this paper we investigate these mechanisms, using ob-

20.09; Peetgrs and Muller, 2010;.N_guy_en etal., 2010). Moreservations of OH, HQ and other observations made dur-
minor reaction pathways of the initial isoprene peroxy rad-.

ical | dt tribute to OH producti ng the Oxidant and Particle Photochemical Processes (OP3)
Icals are also proposed fo contribute to Jproduction, ancqe,| campaign in Borneo in 2008. In Sect. 2 we outline the
similar mechanisms are suggested in the oxidation of methy

. . P3 campaign and specifically describe the OH and HO
\;'lny;gggine (MVK) and methacrolein (MACR) (Peeters et strumentation. In Sect. 3 we describe the modeling frame-

. ey . . . work. In t. 4 w ribe the OH an rvation
Unimolecular H-shifts in peroxy radicals derived from iso- ° Sec e describe the OH and piGbservations

prene have also been proposed to result in formation of OHggsj;?iosnecéisa:’lvei:]egzgVg rivszéfydgxsgrf:;:i;rgﬁsfor isoprene
HCHO and either MVK or MACR (depending on the per- ' y ' '
oxy radical isomer) on the basis of Density Functional The-
ory (DFT) calculations (da Silva et al., 2010). This mech-2 Oxidant and Particle Photochemical Processes
anism therefore predicts OH formation without production campaign
of HO,, but is expected to be relatively slow compared to
the bimolecular reactions of the peroxy radicals with1O The Oxidant and Particle Photochemical Processes (OP3)
and so may not represent a significant OH source in tropi-campaign took place in 2008, using a combination of ground
cal forest environments (da Silva et al., 2010). Unimolecularand aircraft measurements during the campaign (Hewitt et
decomposition processes producing OH have also recentlgl., 2009). Ground based measurements were made in two
been proposed to occur in the oxidation of glyoxal (da Silva,intensive periods in April-May and June—July at the Bukit
2010a, 2011) and carboxylic acids (da Silva, 2010b). Atur Global Atmospheric Watch station (5.8, 117.8 E) in

A global modelling study by Stavrakou et al. (2010) us- Danum Valley in the Sabah region of the Borneo rainforest.
ing the IMAGESV2 global chemistry transport model has Aircraft measurements were made onboard the UK FAAM
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6752 D. Stone et al.: Isoprene oxidation mechanisms

80 90 100110 120 130 140 150 160 2.1 Detection of OH and HG

Measurements of OH and HOwere made using on-
resonance pulsed Laser Induced Fluorescence (LIF) by the
Fluorescence Assay by Gas Expansion (FAGE) technique
(Hard et al., 1984; Heard and Pilling, 2003). The Univer-
sity of Leeds Aircraft FAGE instrument has been described
in detail elsewhere (Commane et al., 2010), and only a brief
description is given here.

Ambient air from the aircraft exterior is drawn into a flu-
orescence cell maintained at pressures ranging from 2.5 Torr
at sea level to 1.5 Torr at 9 km. The fluorescence cell has two
excitation axes, with excess NO added at the second excita-
tion axis to titrate H@ to OH, enabling simultaneous detec-
tion of OH and HQ. Laser light atA~308 nm, generated
(@) — T T —To 10T AT Te0 by a solid state Nd:YAG pumped Ti:Sapphire laser system
e s e s e e e (Bloss et al., 2003), is passed to the two excitation axes of
ﬂ'/ the fluorescence cell, and to a reference cell, by fibre optic

cables, and collimated and baffled before entering the cell.
@ g The beams exit the excitation regions of the cell through a
baffled arm and are directed to a calibrated UV photodiode
~ to provide a measurement of laser power.
Channel photomultiplier tubes (PMTSs), situated perpen-
o dicular to both the air flow and excitation light axes and
coupled to gated photon counters, detect interference filtered
o UV fluorescence from excited OH in both excitation regions,
o with the gated photon counters enabling separate measure-
N ments of fluorescence signal and scattered solar light. In or-
der to prevent saturation of the PMTSs resulting from detec-
tion of scattered laser light, PMT detection is also temporally
gated, using a fast photodiode coupled to an oscilloscope to
Fig. 1. Locations of the BAe146 aircraft during the OP3 campaign Monitor the onset of the308 nm pulse from the Ti:Sapphire
when OH or HG data are available, showir@) the wider geo-  laser. During the African Monsoon Multidisciplinary Anal-
graphical area antb) a close up of the region of interest. The red ysis (AMMA) campaign, the PMTs were gated with a con-
point indicates the site of the ground based measurements in thstant time period between triggering of the Ti:Sapphire laser
rainforest during OP3. by the Nd:YAG laser and detection by the PMT (Commane
et al., 2010). However, it has been shown that the time taken

_ ) for the Ti:Sapphire to generate the 308 nm laser pulse after
BAel146 research aircraft, based at Kota Kinabalu '”tema'triggering can change significantly with fluctuations in tem-

tional Airport during the campaign, from the 9 July to the 22 ner41re| with important consequences for instrument sensi-
July 2008 to coincide with the ground based measurementstivity (Commane et al., 2010; Whalley et al., 2010). Auto-
Figure 1 shows the locations of the OH and H®easure-  aically monitoring the onset of the308 nm pulse enables
ments made onboard the BAe146 during the campaign. Tefgrescence detection to be initiated by delivery of the laser
flights were made over Northern Borneo during OP3, with ,,,ise 10 the excitation cell, and not the time at which 308 nm
coverage of rainforest, oil palm and coastal sites. In ge”erageneration is instigated by the Nd:YAG laser (Whalley et al.,
the observations showed high isoprene concentrations ovesn10). ntroduction of this system for OP3 enabled any drift

the rainforest and oil palm p_Iantations, with virtually no iso- i, the timing between the Nd:YAG and Ti:Sapphire lasers to
prene over the oceans (Hewitt etal., 2010; Jones etal., 2011he accounted for explicitly, and significantly reduced the ef-
We focus here on the measurement and modelling of OH angcts of fluctuations in~308 nm pulse generation times on

HO, onboard the BAe146 during OP3, and provide a descripnstrument sensitivity.
tion of the Leeds AIrFAGE instrument (Sect. 2.1). Details of 5 roference cell. in which OH radicals are produced by

supporting measurements (Sect. 2.2) used in this work argyqysis of water vapour in humidified cabin air passed over
described in detail elsewhere (see Hewitt et al., 2009), andy, gjectrically heated Ni:Chrome wire and receiving approx-
only brief descriptions are given here. imately 4 % of the total UV laser radiation, is used to deter-

mine the wavelength at which the OH fluorescence signal is
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average cloud correction factor
average cloud correction factor

Simulated OH (10° cm™®) using
Simulated HO, concentrations (10° cm™) using

10 15 20 25

5 6
Simulated OH concentrations (10° cm™®) using Simulated HO, concentrations (10° cm®) using
observed cloud correction factor observed cloud correction factor

Fig. 2. Comparison ofa) OH and(b) HO, model concentrations between a model run using cloud correction factors determined for each
data point from observations giNO,) and a model run using a campaign average cloud correction factor (determined.®46.24).

The solid red lines represent the 1:1 line, with 50 % limits given by the broken red lines. The best fit lines are given in blue and are described
by y= (1.1640.11)x + (0.294+0.48) for OH (12 =0.91) andy = (1.12+0.12)x + (0.06::0.34) for HO, (r2 = 0.64).

at a maximum. Feedback to the stepper motor controlling thé’roton TRansfer Mass Spectrometry (PTRMS) (Capes et al.,
positioning of the diffraction grating within the Ti:Sapphire 2009; Murphy et al., 2010) and Gas Chromatography (GC)
laser cavity and hence its wavelength enables optimisation ofvith a flame ionisation detector (Hopkins et al., 2006, 2009;
the signal intensity. Jones et al., 2011). Measurements by PTRMS were made
Calibration of the FAGE instrument is achieved by approximately every 15s, while those by GC were made ap-
measurement of the signal from known concentrationsproximately every 15 min throughout the flight via grab sam-
of OH and HQ radicals, as described previously by ples and subsequent off-line analysis. Isoprene and MVK
Commane et al. (2010). Calibrations were performedand MACR measurements are available from both PTRMS
over a range of conditions pertinent to the OP3 cam-and GC instruments, and model input uses the PTRMS mea-
paign. A value of 112x10~ s Tcm®mwW-1 was deter-  surement where available due to the higher time resolution.
mined for the instrument sensitivity to OHC¢éy), and Photolysis rates of NO(j(NO»)) and & (j(O'D)) were
2.27x107 " s~ cm® mW-1 was determined for HQ(Cro,).  measured by fixed bandwidth radiometry, each witt22 -
No degradation of instrument sensitivity was observed be-sr filter radiometers (Edwards and Monks, 2003). However,
tween pre- and post-campaign calibrations. Average limits ofowing to instrumental problems during the campaign there
detection for OH and H@for 60 s sampling periods, calcu- are little data available fg(O'D), and the overlap between
lated using the method described by Commane et al. (2010)neasurements of HOandj(NOy) is limited. This offers a
were found to be B3x10° cm™3 and 20x10° cm™3, respec-  significant limitation in the number of points we can model.
tively, with a 1o calibration uncertainty of 28 % for OH and We have therefore used an average cloud correction factor

HO,. for the campaign to maximise the number of data points
) available to model. The average cloud correction factor,
2.2 Supporting measurements determined as the average ratio of all {(iO,) observa-

iis of . board th . tions to the clear skiggNO>) calculated by TUV, was found
Details of supporting measurements onboard the BAe146 a5 pe 07440.24. Figure 2 shows the comparison between

craft during OP3 are given in Hewitt et al. (2010). A brief model simulations for OH and HOusing standard MCM
description of measurements used to constrain the model i§3 | chemistry for a model run using cloud correction fac-

given below. ) . tors determined from observ@NO2) and a model run using
Ozone was measured using a TECO 49C UV absorptiony,e campaign average cloud correction factor. Strong cor-

detector. Carbon monoxide measurements were made Ug|ations exist between the model simulations for both OH
ing an AeroLaser AL5002 Fast Carbon Monoxide Monitor (=0.91) and HQ (- = 0.64). There is a slight overestima-

(Gerbig et al., 1999). Npmeasurements were made by a tion of both species using the campaign average cloud cor-

NOxy |n§trument (Brpugh et al.,, 2003; Stewart et_ al., 2008) rection factor ¢12-15 %), but the extent of the overestima-
measuring the chemiluminescence from the reaction betweeﬁOn is small compared to uncertainties in kiGbservations

NO and Q. NO; is converted to NO by photolysis to enable g o at the & level) and other uncertainties in the model.

measurement of NE Detection limits for the NG, instru- In order to maximize the available data points we have run

?rﬁgto?rfoippt for NO and 15 ppt for NGt an averaging the model with the campaign average cloud correction fac-

tor.
Volatile organic compounds (VOCs) and oxygenated
volatile organic compounds (0VOCs) were measured by both

www.atmos-chem-phys.net/11/6749/2011/ Atmos. Chem. Phys., 11, 67492011
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3 Model approach Table 1. Parameters used to fit hydrocarbon data as a function of

. . the CO concentration. Hydrocarbon concentrations were used in
We have used the Dynamically Simple Model of Atmo- . \yhile CO concentrations were in ppb. RMS refers to the root

spheric Chemical Complexity (DSMACC) (Emmerson and mean square difference between the observed and calculated values.
Evans, 2009; Stone et al., 2010) for this study. DSMACC

is a flexible zero-dimensional box model using the Kinetic
Pre-Processor (KPP) (Sandu et al., 2006). The calculations
described here use an observationally constrained version

Hydrocarbon/ppt Linear regression r? RMS/ppt
Ethane (6.61x[CO]/ppb) —54.17  0.217 4.92

; . , ) X ' Propane 2.7&[COl/ppb) —73.39  0.144  11.74
which has been described previously in detail (Stone et al., isoﬁutane ((0_5&&;0},2&,;_ 1709 0056  18.01
2010) and follows the approach of Jaegle et al. (2000) and n-butane (1.1[CO]/ppb) — 49.74  0.133  16.63
Olson et al. (2004, 2006). The objective is to use the chemi- Ethene (4.30<[CO)/ppb) —130.98  0.162  10.35
cal scheme in the model to calculate an expected concentra- Frorene (1.0&[COJ/ppb) -40.24  0.264  15.12

Acetylene (4.36<[CO]/ppb) — 115.14 0.372 9.06

tion of OH or HG, for each observation using the supporting
measurements made onboard the aircraft. The base model

uses a C_hemlstry_ scheme described by the_Master ChemICéf‘glble 2. Summary of data inputs to the model. Chemical names are
Mechanism version 3.1 (MCM v3.1) (Jenkin et al., 2003; iose used in the MCM.

Saunders et al., 2003) which contains near explicit degra-

dation schemes for 135 volatile organic compounds in the Species Mean Median Range
troposphere, resulting in over 5600 species and 13500 reac

tions and representing a detailed and comprehensive chem- ((:)g)/ﬁ)%li) é?fffdzl éi'; 4;'2_%':7
istry schgme for mod_elllng tropospherlc composmor_L Novel H,O/ppm 18348.8982 18738 2212-30773
degradation mechanisms can be incorporated easily in DS- NOJ/ppt 5261090 30.3 0.02-1239.4
MACC, enabling facne investigation of recently proposed NO./ppt 146042154  78.4 0-1908.5
changes to chgmlcallscher.nes currently adopted for tropo- j\o,)10-35-1 81+1.7 8.2 27-105
spheric modelling. Simulations reported here use degrada- = c,Hq/ppt 3949+68.4 377.9  236.5-644.8
tion chemistry for methane, ethane, propanbutane,n- Cs3Hg/ppt 1151+30.3 107.6  42.2-218.6
butane, ethene, propene, acetylene, acetaldehyde, methanol, iso-C4H;¢/ppt 176+6.5 16.3 2.8-84.9
acetone and isoprene. For all species, a removal reaction was n-C4H1¢/ppt 2575+121 22.8 0-68.5
also included which could be considered as a continuous de-  C2Ha/ppt 1620+575  148.0  17.7-450.0
position process (such as dry deposition or a continuous wet ~ C3He/ppt 2644112 24.0 .5-65.2
deposition), at a 1st order rate equivalent to a 24 h lifetime. ~C2H2/ppt 1812+481 1683  51.6-448.6
Model sensitivity to this parameter is discussed in Stone et Cﬁ?ggﬁz%pt 42%%1411626?51 8 g_ggg'g
al. (50.10) and is not found to be significant. ' CeHalppt 7838415751 36.3 0-13 2490
Al alrcr_aft measurements are m_erged (_)nto a 60 s timebase MVK/ppt 420.2+5803 71.4 0-2567.6
for expediency. To be modelled, time points needed to have  \acR/ppt 645+1061 2.94 0-511.1

observations of OH or H@together with the physical state
(latitude, longitude, pressure, temperature and water vapour
concentration) and observations of CO; @nd NO. Con-
centrations of Clj and H were kept constant at values of
1770 ppb (GLOBALVIEW-CH4, 2009{tp://ftp.cmdl.noaa.

stant. Those species which have not been observed or param-
eterised as a function of CO are set initially to zero. Concen-
i trations of NQ are constrained using the method described
gov/ceg/chd) and 550 ppb (Ehhalt and Roher, 2009; Nov- previously by Stone et al. (2010). Over each 24 h period in

elli et al., 1999) respectively. Where ethane, propare, the model the concentration of each individual Népecies
butanep-butane, ethene, propene, acetylene, methanol, ace-

. . .~ Varies according to its photochemistry, but the totakNon-
tone, isoprene, mgthyl vinyl ketone (MV.K) and methacrolein centration is kept constant. At the end of each 24 h period
(MACR) were available they were also included.

. . the calculated concentration of NO is compared to its mea-
In order to maximise the number of points in the model,

data wh ts of VOC ¢ i bIsured concentration and the concentration of alkN@ecies
any data where measurements ot VLS were not avaliablg, fractionally increased or decreased so that the measured
we used parameterised concentrations of alkanes (ethan

propane j-butane,n-butane), alkenes (ethene and propene)ghd modelled concentrations of NO match. The model is in-
i v T . t ted f dsin ti ith di Il [ hotolysi
and alkynes (acetylene) as a linear function of the CO con egrated forwards in imeé with diunatly varying phololysis

. i - . rates until a diurnal steady state is reached, typically requir-
centration, as described in our previous work (Stone et al. y ypicallyreq

- L i 1 )
2010). Table 1 shows the fitting parameters used in this pro-ng between 5 and 10 days

cedure. A summary of inputs to the model is given in Table 2.
For each observed time point, those species which have
been observed are set to the observed value and kept con-
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7000F T T T 7000 T (z<2000m) were found to be (B8+6.02)x10° cm~2 for
OH and (35440.84)x 108 cm3 for HO..
6000¢ 6000¢ ] In Sect. 5 we investigate the ability of the DSMACC box
model to simulate the observations of OH and H®@ade
5000 - 5000 ¢ . . .
during OP3 as a test of our understanding of isoprene pho-
£ 4000. E 4000l tochemistry in low NQ regions. A significant advantage of
% % aircraft data over ground-based data for these purposes is the
£ 3000} £ 3000 ] dynamic range of physical and chemical conditions covered
by the aircraft, providing a much wider range of conditions
2000¢ 2000¢ 1 over which we can test our understanding.
1000 ¢ 1000 ¢
5 Model results

The ability of the model to successfully simulate OH and
HO:; is linked to the quality (noise, bias etc.) of model input
Fig. 3. Observed concentrations ¢d) OH and(b) HO, during parameters and the quality of the OH and Hibservations

the OP3 aircraft campaign as a function of altitude (grey points)themselves. If the objective of this paper were an overall
averaged over 1 min. Mean concentrations and the standard eassessment of our understanding of the OH concentration the
ror in 1000 m altitude bins are shown for observations from (local noise and bias of the input parameters and( ldBservations
time) 07:30 to 10:30 h (black), 10:30 to 13:30 h (blue) and 13:30 to\y,qyId be important. However, the specific focus of this study
16:30 (red). is the investigation of the ability of the model to simulate
isoprene photochemistry. Thus, “success” with the model in
this case would be a model performance for, H&hich is
independent of the isoprene concentration regardless of the
noise or bias associated with the observations.

OH and HQ were measured on six flights throughout the Our primary tool for this assessment is the ra_tio between
campaign over rainforest, oil paim plantation and coastal andh€ observed and modelled OH or pi@oncentration. Un-
ocean regions, providing approximately 35 h of data (Hewitt/€SS otherwise stated the statistics are applied to the tufg

et al., 2010). Owing to the model requirements for support-th's ratio and then converted back by raising the appropriate
ing data (e.g. @ CO, NO) we simulate 600 of the 763 HO result of the statistic to the power of 10. This provides signif-
data points available on a 1 min timescale. Since not all availicant advantages over using the ratio alone. For example, for
able HQ, data are used in the model a brief overview is giventhree model points which have observed to modelled ratios of

here to highlight the entire dataset. The locations of these ob0-1, 1 and 10 the mean of these values is 3.7. However, this
servations are shown in Fig. 1. fails to reflect that the model performance is equally “bad” at

The variation of OH and H®with altitude is shown in aratio of 0.1 asitis at 10. Performing the statistics on the log
Fig. 3. Concentrations of O?—I and HQwere generally of these values L0P910(0-D+10816(1)+10610(10)1/3 gives a value
abc;ve.the & 605 limit of detection throughout the cam- of 1 which better reflects the model performance, which in
paign (23x 10° cm3 for OH and 20x 10° cm~3 for HOy) this example is noisy but not biased. We define three primary
although those for OH were nearer to the detection limit thanmetriCS for our model simulations and report their values in
for HO,. Concentrations of OH were found to be highly vari- 120!€ 3.
able wnh altitude, reflecting both mstrlumental noise .apd the 1 The mean observed to modelled average ratios
complex[ty of the processes responsible fo'r determining at- (1gmeartlog;o(ratioy for OH and HG for observational
mospheric OH concentrations. Concentrations ofHéhd points with isoprene greater than 15 ppt and for points
to decrease with increasing altitude, with similar results ob- with isoprene concentrations less than 15ppt. We
tained in prfawoug aircraft campaigns (Mao et al., 2009; Ren  ~hoose the value of 15 ppt to represent the point at
etal., 2008; Martinez et al., 2010). which isoprene has a significant impact on the photo-

Figure 3 shows the altitude dependence of OH and HO chemistry. At a concentration of 15 ppt, isoprene rep-

Observed OH / 10° cm™ Observed HO, / 10° cm®

4 Observations of OH and HO

at different times of day. Mean OH concentrations were
higher around noontime than in the morning or afternoon
at all altitudes. Mean H® concentrations were highest
around noontime in the boundary layer, but the mean noon-
time HO, concentrations at higher altitudes were lower than
those observed during the afternoon. Mean concentrations
between 1100 and 1300 during OP3 in the boundary layer

www.atmos-chem-phys.net/11/6749/2011/

resents 10 % of the rate of loss of OH compared to the
rate of loss of OH to CO at the median observed CO
concentration (65 ppb). These average ratios are shown

in Table 3. Variations around the mean are described as
(10meartloglo(ratio)) + standard deviatimfoglo(ratio)))_
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Modelled OH / 10° cm™
Modelled HO, / 10° cm™®

15 20 0 2

10 4 6 8
Observed OH / 10° cm™® Observed HO, / 10° cm™

Fig. 4. Comparison between modelled and observed concentrati¢gas©@H and(b) HO, for the base MCM model run. Observations shown

are 60 s averages. Points in red are those with isoprene concentrations greater than 15 ppt, while those in black have isoprene concentratior
less than 15 ppt. The solid red lines represent the 1:1 line, with 50 % limits given by the broken red lines. The best fit lines are given in
blue and are described by [Ok}q=(0.55+0.09)[OH]pst+ ((0.20+0.59)x 105) with r2=0.05 and [HQ]mod= (0.834+0.08)[HO2] ops +
((0.61£0.25)x 10°) with r2 = 0.45.

Table 3. Mean observed to modelled ratios of OH and 444 isoprene concentrations above and below 15 ppt for each mechanism. Errors
shown are the standard deviations in the mé&grefers to the probability result of the Kolmorogov-Smirnov test and refers to the probability

that the distribution functions of the ratios for data points with isoprene above and below 15 ppt are statistically idgntieérs to the
probability result of the Kruskal-Wallis test and indicates the probability that the ratios for data points with isoprene concentrations above
15 ppt are independent of the isoprene concentration. Probability values less than 0.001 are listed as zero. MCM v3.2 was launched during
the preparation of this manuscript and results are included in the table. MCM results referred to in the text refer to those using MCM v3.1.

Mechanism Mean Mean Pp PH Mean Mean Pp PH
[OH]obs/mod7 [OH]obs/mod: [HOZ]obs/modx [HOZ]obsmodx
CsHg <15ppt  CsHg > 15 ppt CsHg <15ppt CgsHg > 15 ppt
MCM v3.1 1627157 5.327358 0 0 0.867032 1.18793 0 0.921
MCM v3.2 1.62715) 4517398 0 0 0.83031 105527 0 0.889
CsHg+ OH 162131 162122 0.867  0.054  0.86037 0.677 5350 0 0
—30H
HO,+ISOPG  1.62'}3] 162731 0913 0149  0.86332 0.7070:3} 0 0
—30H
HO, + RO, 142724 4.13"387 0 0 0.817039 1.05'337 0 0
— 0.5 OH
RO;+X—HO; 1.62'}37 168938 0 0.001  0.88332 0.89'945 0002 0
HO, +X — OH
Epoxide 162137 4.277539 0 0 0.867032 0.96"9-2% 0 0.633
da Silva 162724 5.19735 0 0 0.867 032 1177539 0 0.943
Peeters 1.6212% 150714 0820 0014  0.86532 0.46"018 0 0

2. Although the average observed to modelled ratio pro-
vides useful information, it fails to represent all of the
information available regarding model success or fail-
ure. To describe more of this information the proba-
bility distribution functions (PDFs) of the logarithm of
the observed to modelled ratio are calculated again for

both OH and HQ, separating those points with isoprene 3.

concentrations less than 15 ppt from those points with

isoprene concentrations greater than 15 ppt (see Fig. 5).

A “successful” model would show no significant differ-

Atmos. Chem. Phys., 11, 6748771, 2011

ence between the distributions with low and high iso-
prene concentrations. The goodness of fit between the
two PDFs is defined using a Kolmogorov-Smirnov test
(Kolmogorov, 1933; Smirnov 1948; Stephens, 1974)
and the values are shown in Table 3.

We take this analysis further in a third metric. A “suc-
cess” for the model should also be independent of the
isoprene concentration. Thus a successful model with
respect to isoprene should lead to the same average ob-
served to modelled OH and HQatios at all isoprene

www.atmos-chem-phys.net/11/6749/2011/
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Fig. 5. Probability distribution functions for observed to modelled ratios of OH (left hand side) angl (HGht hand side) for

each mechanism implemented in the model. Broken lines show a Gaussian fit to the probability density functions, with data
points with isoprene below 15ppt shown in black and those with isoprene above 15ppt shown in blue. The red line indi-
cates an observed to modelled ratio of 1. P(aj is for OH using the base MCM(b) HO, using the base MCM{c) OH

using the simple recycling scheme OH 4z — ISOPG +30H; (d) HO2 using OH+ GHg— ISOPG +30OH; (e) OH using

HO, +1SOPQ — ISOPOOH + 3 OH{(f) HO, using HG +1SOPQ — ISOPOOH + 3 OH{(g) OH using HQ + RO, — ROOH + 0.5 OH;

(h) HO2 using HG + RO, — ISOPOOH + 0.5 OH(i) OH invoking the missing species X to convert R@ HO, and HG to OH; (j) HO»

invoking the missing species X to convert R@ HO, and HGQ to OH; (k) OH using the epoxide mechanism (Paulot et al., 200pHO»

using the epoxide mechanism (Paulot et al., 2008);0H using unimolecular decomposition pfISOPQ, (da Silva et al., 2010)n) HO»

using unimolecular decomposition 8fISOPQG (da Silva et al., 2010)p) OH using the Peeters mechanism (Peeters et al., 2009; Peeters and
Muller, 2010);(p) HO, using the Peeters mechanism (Peeters et al., 2009; Peeters and Muller, 2010). See text for further details regarding
each scheme.

www.atmos-chem-phys.net/11/6749/2011/ Atmos. Chem. Phys., 11, 67492011



6758 D. Stone et al.: Isoprene oxidation mechanisms

concentrations. For those points with isoprene greatethough there is a difference in the modelled Hetween
than 15 ppt we assess the differences in the average olihose points with isoprene below 15 ppt and those with iso-
served to modelled HQratios for isoprene concentra- prene above 15ppt, there is no systematic dependence of
tions between 15 and 100 ppt, 100 to 1000 ppt and thosenodel success for Hon the isoprene concentration, simi-
above 1000 ppt. This is shown graphically in Fig. 6. lar to our previous work during the African Monsoon Multi-

A Kruskal-Wallis H-test (Kruskal and Wallis, 1952) is disciplinary Analyses (AMMA) campaign (Commane et al.,
used to assess whether the average ratio in each of th2010; Stone et al., 2010).

isoprene bins is sampled from the same population, and The model results for OH are consistent with those ob-
thus the statistical differences between the average ratained for previous field campaigns (Lelieveld et al., 2008;
tios for each of the isoprene bins. The values of thisHofzumahaus et al., 2009; Ren et al., 2008), with a signif-

statistic are represented in Table 3. icant underestimate of OH and much better agreement for
_ _ HO». The instantaneous OH budget for a single typical rain-
5.1 Master chemical mechanism forest data point shown in Fig. 7a reveals that reaction with

) _ _ isoprene is the dominant sink for OH in the model. This re-
Figure 4a shows the point by point DSMACC model perfor- action is responsible for 63.7 % of the total OH loss. Results
mance for OH using standard MCM v3.1 chemistry. Pointsfor the GABRIEL campaign found OH +isoprene to be re-
have been coloured to show those with isoprene concentrasyonsible for 62 % of the OH loss in the boundary layer over
tions above and below 15 ppt (red and black, respectively)jand in the afternoon (Kubistin et al., 2010). Figure 7a also
There is significant underestimation of OH by the model shows that reactions of OH with oxidation products of iso-
for those points with isoprene above 15 ppt, consistent withyrene such as organic peroxides and HCHO, constitute sig-
model studies of previous field campaigns in similar high pificant loss processes for OH in the model. Figure 7b shows
isoprene and low NQenvironments (Lelieveld et al., 2008; the HQO, budget for the same point. This shows that loss
Hofzumahaus et al., 2009; Ren et al., 2008). of HO; is dominated by reactions of HQwith NO (45 %),

There is a clear separation of the maxima of the probabilisopq, (23 %) and HQ (21 %), while the sources of HO
ity distribution functions of the observed to modelled ratios 5re dominated by reactions of ISOPO with &d photolysis
of OH for data points with observed isoprene concentrationsyf HCHO.
above and below 15 ppt, with a mean observed to modelled The existence of interference signals in FAGE measure-
OH ratio of 1.62_*%:3171 for data points with isoprene less than ments of OH and H@were the subject of an extensive in-
15 ppt and a mean ratio of 5.82%3 for data points with iso-  vestigation by Ren et al. (2004), and could occur as a result
prene concentrations greater than 15 ppt, as shown in Fig. 5af the fluorescence of a species with narrow absorption band
Those points “without” isoprene show much better perfor-lines in the same wavelength region as OH, or as a result of
mance. the production of OH by the excitation laser and its subse-

Figure 4b shows the model performance for H@Gsing  quent fluorescence. Both possibilities were investigated by
MCM chemistry. We find that observations of HH@re gen-  Ren et al. (2004), and while the probability of such interfer-
erally lower than the model at low or zero isoprene concen-ence signals is deemed to be low, the potential for an inter-
trations, with a mean observed to modelled ratio of Qg&ﬁ, ference signal from an unknown species cannot be entirely
but higher than the model at higher isoprene concentrations;uled out.
with a mean ratio of 1.16230, During the preparation of this manuscript, Fuchs et

Results of the Kolmogorov-Smirnov test, shown in Ta- al. (2011) have shown the possibility of an interference in
ble 3, indicate a significant difference between the distri-FAGE HO, measurements from alkene-derived JR@di-
bution functions for the OH ratios for points with isoprene cals. These species may react with the NO added to titrate
above and below 15ppt. Figure 6 shows the observed taHO, to OH during HQ FAGE measurements, resulting in
modelled HQ ratios as a function of the isoprene concen- the production of OH in the detection cell from radicals other
tration, and the Kruskal-Wallis H-test (Fig. 6a and Table 3) than HQ. Fuchs et al. (2011) show that interferences are
shows that the model failure for OH is significantly worse for possible from R@ radicals derived from a number of un-
those points with high isoprene concentrations than for thoseaturated hydrocarbons, including isoprene, and its oxida-
with low isoprene. tion products MVK and MACR. Any potential interference

The probability distribution functions for observed to will be extremely dependent on the precise experimental con-
modelled ratios of H@ are also shown in Fig. 5b. The figuration of the FAGE instrument in question, for example
Kolmogorov-Smirnov test (Table 3) shows that the differ- the residence time of sampled gas within the detection cell
ences between the distribution functions for H&e signif-  and relative positions of the NO injector and excitation laser
icant, but the Kruskal-Wallis test (Fig. 6b, Table 3) demon- beam. As shown in Fig. 6b and discussed above, there is no
strates that there are no statistical differences between thdependence of the observed to modelled ratio for l© a
observed to modelled ratios of H@or points with isoprene  function of the observed isoprene concentration, with similar
concentrations above 15ppt. This result indicates that alvesults observed in our previous work from the same aircraft
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Fig. 6. Ratios of observed to modelled OH (left hand side) andy,Hfight hand side) at isoprene concentrations 10 to 100 ppt, 100

to 1000 ppt and 1000 to 10000 ppt for each mechanism implemented in the model (shown in blue). The thin black line shown on
each plot represents the results for the base MCM run, with the red line indicating an observed to modelled ratio of 1. Raw data
for the MCM base run (panela and b) are shown, although it should be noted some data points have observed to modelled ra-
tios for OH greater than 10 and are not shown for clarity. R&tis for OH using the base MCMb) HO, using the base MCM,;

(c) OH using the simple recycling scheme OHgHg — ISOPG + 3 OH; (d) HO» using OH + GHg — ISOPQ + 3 OH; (e) OH using

HO, +ISOPQ — ISOPOOH + 3 OHj(f) HO, using HG + ISOPQ — ISOPOOH + 3 OHj(g) OH using HQ + RO, — ROOH + 0.5 OH,;

(h) HO5 using HGQ + RO, — ISOPOOH + 0.5 OH(i) OH invoking the missing species X to convert R® HO, and HG to OH; (j) HO»

invoking the missing species X to convert R@ HO, and HQ to OH; (k) OH using the epoxide mechanism (Paulot et al., 200pHO»

using the epoxide mechanism (Paulot et al., 2009); OH using unimolecular decomposition gfISOPG (da Silva et al., 2010); (n)

HO, using unimolecular decomposition BfFISOPQG (da Silva et al., 2010)(o) OH using the Peeters mechanism (Peeters et al., 2009;
Peeters and Muller, 201Q)p) HO, using the Peeters mechanism (Peeters et al., 2009; Peeters and Muller, 2010). See text for further details
regarding each scheme.
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Fig. 7. Processes controlling the instantaneous production (blue) and loss (red) rates for a typical data point over the rainforest
for OH (left hand side) and H® (right hand side). Plota) is for OH using the MCM;(b) HO, using the MCM;(c) OH using

HO, +ISOPQ — ISOPOOH + 3 OHj(d) HO, using HGQ +ISOPQ — ISOPOOH + 3 OHj(e) OH using the epoxide mechanism (Paulot

et al., 2009){f) HO, using the epoxide mechanism (Paulot et al., 20($)0OH using the Peeters mechanism (Peeters et al., 2009; Peeters
and Muller, 2010)(h) HO» using the Peeters mechanism (Peeters et al., 2009; Peeters and Muller, 2010). The NO concentration for this
data point was 42 ppt. Names are as used in the MCM or described in Tables 5 and 7.

over forested regions in West Africa (Commane et al., 20105.2 CsHg+OH — ISOPO,+nr OH
Stone et al., 2010). These results provide some support that
any such interference for the Leeds AirFage instrument doeé simple, but chemically unlikely, recycling scheme in
not significantly alter the major findings of these studies. ~ Which OH is produced directly by isoprene + OHsts +

In the introduction a number of different explanations for OH — ISOPG + n OH) was investigated to determine the
model discrepancies in regions with high biogenic emissionsextent of OH recycling required for the GABRIEL campaign
and low NQ, concentrations were given. We now implement (Kubistin et al., 2010). The best fit between the observation
these into our model and investigate the impact. and the model required= 1.3 (Kubistin et al., 2010).
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10.0

o
o

2010; Wolfe et al., 2011). Figures 5e and 6e show the ef-
fects of this additional OH source in the model, revealing a
significant improvement to the simulated OH. Table 3 shows
the results of the statistical analyses for this model run. The
o o KoImogorov-Smi_rnov t_est on the mean observed to modelled
o YT o YT OH ratios for points with isoprene above and below 15 ppt
(CaHy + OH —=1SOPO, + n OH) (CaHy + OH —=1SOPO, + n OH) indicates that there is no statistical difference between the
two regimes (Fig. 5e). Figure 6e and the Kruskal-Wallis test
Fig. 8. Mean observed to modelled ratios of OH (left hand side) andShows there is little dependence of OH model success on the
HO» (right hand side) as a function of the extent of OH recycling ~ Observed isoprene concentration. Thus the problem with the
in the simple scheme OH +4Elg — ISOPGQ +nOH. Points shown  modelled OH appears to be rectified by the inclusion of the
in black correspond to data points with isoprene below 15 ppt whilereaction.
those shown in red correspond to data points with isoprene above However, the modelled Hconcentrations are also in-
15ppt. creased as a result of this additional OH source, with an in-
crease in the median modelled Li€bncentration by a factor

] . ) of 1.8 compared to the base MCM run. The probability dis-
A series of model runs were conducted in which OH was jhtion functions for HQ in Fig. 5f and observed to mod-

directly regenerated in the reactioi + OH — ISOPG  gjjed ratios for HQ as a function of isoprene in Fig. 6f, and
+n OH, varying the yield of OH between 1 and 5 in integer 5ccompanying statistical tests in Table 3, show that a signif-
steps. Figure 8 shows the mean observed to modelled ratiogant difference remains between the observed to modelled
for OH and HQ as a function of (the extent of OH recy- o, ratio at isoprene concentrations below 15 ppt and that at
cling). We find that simulations for OP3 require production isoprene concentrations above 15 ppt.
of approximately 3 OH for each OH radical lost in reaction Figure 7d shows the Hbudget for the single point used
with isoprene in order to optimise model success for OH, giv-j, Fig. 7b. Comparison of the HObudgets for the mecha-
ing no significant differences in the lggmean observed to  ism involving OH production from H@+ ISOPQ with the
modelled ratios for OH as a function of the isoprene concenyicm run shows a much greater flux of HG@or the run in-
tration (Figs. 5¢, 6¢c, Table 3). . cluding the additional OH production due to additional HO
Our optimal value of = 3 is significantly higher than the  production from intermediates formed by OH+VOC reac-
values found in the GABRIEL study:(= 1.3, Kubistinetal.,  tjons.

2010). _ _ _ While this mechanism may replicate the OH concentra-
However, we find that improvements in model success forjons, a branching ratio for OH production of 300 % is far
OH using this method are gained at the expense of agreegreater than experimental observations suggest, particularly
ment for HG, with Fig. 6d showing that the ability to simu-  for ISOPQ, radicals, for which structural analogues suggest

late HO; deteriorates with increasing isoprene concentrationan upper limit to the branching ratio for OH production of

e

Obs/Mod HO,
5

Obs/Mod OH
5

using this mechanism. only 6% (Dillon and Crowley, 2008). OH production in
HO» + RO; reactions has thus far only been observed fop RO
5.3 HO;+RO2— OH radicals containing acyk-carbonyl,a-hydroxy ora-alkoxy

functionalities (Hasson et al., 2004; Le Crane et al., 2006;
Production of OH in HQ@+RO; reactions has been ob- jenkin et al., 2007, 2008, 2010; Dillon and Crowley, 2008).
served experimentally (Hasson et al., 2004; Le Crane et al., Figures 5g—h and 6g—h display the results from a sim-
2006; Jenkin et al., 2007, 2008, 2010; Dillon and Crowley, yjation in which production of OH was included for all
2008), and production of between 2 and 4 OH radicals injQ, + RO, reactions with a more realistic branching ratio of
HO> +ISOPQ reactions was used to rectify the model dis- 5094, Even without limiting OH production to RQadicals
crepancy found in the GABRIEL campaign (Lelieveld et al., containing acyl,a-carbonyl, a-hydroxy or a-alkoxy func-
2008; Butler et al., 2008; Kubistin et al., 2010). Wolfe et tjpnajities the lower branching ratio cannot replicate the OH
al. (2011) also used this mechanism to rectify the model disypservations made during OP3.
crepancy for OH observed for the BEARPEX campaign us- |t therefore seems chemically unlikely that production of

ing the CAFE model, invoking production of 2.6 OH from g from HO, + RO, chemistry offers a mechanistic expla-
reactions of HQ@ with peroxy radicals derived from isoprene nation for these results.

and 2-methyl-3-buten-2-ol.

We present results from a simulation incorporating pro-5.4 RO, - HO, — OH
duction of 3 OH radicals from H®+ ISOPQ for all ISOPG
radicals in the MCM, in keeping with OH yields required to Hofzumahaus et al. (2009) reconciled model discrepancies
rectify the model discrepancies reported in previous studie®bserved for OH during the PRIDE-PDR campaign by intro-
(Lelieveld et al., 2008; Butler et al., 2008; Kubistin et al., duction of an unidentified missing species (X) in the model
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which converts R@ to HO, and HG to OH, similarly to It is possible that species X is a known species in the
the effects of NO but without production of ozone. We model, potentially an oxidation product of isoprene, with un-
have investigated this possibility by inclusion of the reactionsknown chemistry responsible for the conversion of;RO
HO, + X — OH and RQ + X — RO+ HQ,, occurring with  HO»> and HQ to OH. The constraints placed on X enable
the rate coefficientiyo,+x andkro2tx, respectively. Given  us to investigate this possibility. At the gas kinetic upper
the relationship between model failure and isoprene concentimit for kyo,+x (1x1071%cm®s™1) there is a restricted list
tration, the concentration of X was set to be equal to that ofof species within the model that are at a high enough concen-
isoprene. Optimisation of model success was achieved byration in the model to convert HOo OH fast enough to be
variation ofkno,+x andkro,+x to give statistically similar ~ considered as potential candidates for the species X. Table 4
mean observed to modelled ratios of OH andH@r data  lists those species which have high enough concentration in
points with isoprene above and below 15 ppt. the model to enable fast enough conversion ob ROHO,

Figures 5i—j and 6i—j show the results for the optimised and HG to OH usingkpo,+x = 1x1071%cm®s~1, and show
model run. Although we are able to find agreement in thepositive correlation with the model failure for OH (ratio of
logip mean observed to modelled ratios for OH and,HO observed to modelled concentration). There are, however, no
(Fig. 5i-j), we are unable to find a result that gives statis-species within the model which fulfil the concentration cri-
tically similar modelled to observed HQlistribution func-  teria for the missing species for every data point exhibiting
tions in the Kolmogorov-Smirnov tesPf, in Table 3) or sta- model failure.

tistically similar observed to modelled HQ@atios as a func- OH generation from a reaction between &hd carbonyl
tion of isoprene in the Kruskal-Wallis test (Fig. 6i—j aRd species such as glyoxal and hydroxyacetone have been pro-
in Table 3). posed by da Silva (2011), involving the production and sub-

In order to achieve the statistically similar mean observedsequent unimolecular decomposition ofcaydroxyperoxy
to modelled HQ ratios we require values dfHo,+x[X] radical. Although we find that the modelled concentrations
= (1.81+2.12)s ! and kro,+x[X] = (0.04+0.05)s 1. For of hydroxyacetone (ACETOL in Table 4) are sufficient for
ground-based measurements made during OP3 within th# to be considered a candidate for X, the main fate of the
rainforest in April 2008, 0.74 ppb of an NO equivalent (i.e. «-hydroxyperoxy radicals formed on interaction of such car-
converting HQ to OH at an equivalent rate to that of NO) bonyl species with H@at the temperatures encountered dur-
was required to replicate the average observed OH diurnaing OP3 is expected to be dissociation back to,H@d the
profile (Whalley et al., 2011). This gives an approximate carbonyl species. Introduction of a non-reversible reaction
value ofkpo,+x[X]=0.16 s71. Although this value is lower in the model between hydroxyacetone andsH® produce
than that required here, the observed isoprene concentr&&HzC(O)OOH, HCHO and OH (tha-hydroxyperoxy radi-
tion at the ground-based rainforest site was typically lowercal decomposition products predicted by da Silva, 2011) with
(~2ppb maximum) than the mean observed isoprene cona rate coefficient ok = 1x10 1%cm®s~! and between hy-
centration measured during the aircraft campaign (1-3 ppliroxyacetone and RQo produce H@ with a rate coefficient
over the rainforest and 5-10 ppb over the oil palm plantation)of k = 2.46x10-12cm®s~1 did little to improve the model
(Hewitt et al., 2010). success (observed to modelled ratios for isoprene impacted

Halogen chemistry offers a mechanism for conversion ofpoints of 5.08335 and 1.16339 for OH and HQ, respec-
HO, to OH (Alicke et al., 1999; Heard and Pilling, 2003; tively).
Monks et al., 2005; Whalley et al., 2010). Assuming instan- HCHO was also considered as a potential contender for the
taneous photolysis of the HOBr product to yield OH, the re- species X, and is known to form an adduct with H®eyret
action of HQ with BrO would require a BrO concentration et al., 1989; Burrows et al., 1989; Anglada and Domingo,
above 4 ppb for BrO to be considered as a potential candi2005). However, since HCHO provides a photolytic source
date for the missing species. This+s3 orders of magni-  of HOy, a model run including reactions of HCHO with RO
tude higher than observed concentrations in the tropospherg produce H@ and with HQ to produce OH reduces the
(Monks, 2005; Mahajan et al., 2009). We therefore rejectmodelled HCHO concentration and thus the,HfPoduction

halogens as a mechanism to convert;HOOH. from HCHO photolysis, and does not provide a solution.

The values ofkpo,+x[X] and kro,+x[X] determined  Although a species “X” may help to reconcile modelled
here can be used to investigate the concentrations requireghd observed OH it is unclear what the missing species could
for the missing species. At an upper limit &fio,+x = be.

1x10~°cm?s~1, based on approximate gas kinetic limit for

a bimolecular rate coefficient, we require a campaign aver5.5 |ISOPOOH + OH— Epoxide + OH

age concentration for species X on the order of 800 ppt. This

leads tokro,+x = 2.46x10~12cm®s~L. For a lower rate co-  Figures 5k-l and 6k-I show the effects of implementa-

efficient of kqo,+x = 1x 10-1tcm~3s~1 we would require  tion of the isoprene oxidation scheme proposed by Paulot
a concentration of 8 ppb for the unknown species, givinget al. (2009) in which the hydroxy-hydroperoxides derived

kro,+x =2.46x10 3cm*s™1, from isoprene (ISOPOOH) react with OH to produce soluble
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Table 4. Species present in the model in sufficient concentration to be potential candidates for the missing species in producton of HO
in the reactions R+ X — HO; and HGQ + X — OH usingkyo2+x = 1x 10 19¢cm3s~1. Linear fits to model success ([HBRps/mod VS
species) are given together with the correspondfngalue. Chemical names are as used in the MCM.

Species Linear fit [OHlbymod VS. species (in cm?) r2 Linear fit [HO,] obg/mod VS. Species (in cm®) r2
CH3CO3H y=(0.890+0.105x — (1.128+0.169 0.184 y=(0.268+0.069x— (0.451+£0.109 0.007
HOCH,COOH y=(0.832+0.098x— (0.796+0.131) 0.184 y=(0.255+0.053x— (0.359+0.070 0.017
CH3COOH y=1(0.832+0.099x— (1.073£0.163 0.181 y=(0.254+0.067)x— (0.440+£0.107) 0.007
HOCH,CO3H y=1(0.915+0.109x— (0.880+£0.141) 0.179 y=(0.275+£0.059x— (0.380+£0.075 0.016
ISOPBOOH y=1(0.978+0.156)x— (1.907+0.380 0.173 y=(0.312+0.152x— (0.731+£0.383 0.003
CH30H y=1(0.616+0.081)x— (0.722+0.135 0.121 y=(0.183+0.032x+ (0.281£0.057) 0.033
ACETOL y=(0.733+0.099x— (1.237+£0.206 0.110 y=(0.231+0.028x — (0.467+£0.0549) 0.149
CH30O0H y=(2.068+0.285x— (4.687+0.683) 0.100 y=(0.649+0.112)x+ (1.556+0.292 0.028
HOCH,CHO y=1(0.892+0.124)x— (1.600+£0.261) 0.098 y=(0.295+0.062x— (0.640+£0.128 0.017
CsHg y=(0.720+0.134)x — (1.536+0.3849) 0.084 y=(0.201+0.085x+ (0.617+£0.237) 0.006
HMVKBOOH y=(0.873+0.171)x— (0.855+0.255 0.062 y=(0.257+0.049x+ (0.417+0.081) 0.076
MVK y=1(0.731+0.153)x— (1.393+£0.385 0.047 y=(0.223+0.046)x+ (0.575+£0.119 0.056
C5900H y=(1.243+0.289x— (1.738+£0.511) 0.039 y=(0.415+0.211)x— (0.737+£0.4049 0.003
MACR y=(0.709+0.166)x— (0.780+£0.290 0.033 y=(0.166+0.001)x— (0.235+0.001) <0.001
HCHO y=(1.006+0.191)x— (2.533£0.532 0.027 y=(0.358+0.133x— (1.011+£0.363 0.002
Ho0o y=(1.484+0.336)x— (3.989+£0.962 0.014 y=(0.530+£0.101)x+ (1.499+0.292 0.024
H,O y=(1.958+0.448x— (19.730+4.572) 0.013 y=(0.069£0.164x— (7.029£1.677) 0.010
PAN y=(0.831+0.196)x— (0.910+£0.278 0.012 y=(0.262£0.078x— (0.404£0.111) 0.004
CsHg y=(2.724+1.523)x— (3.549+£2.130 <0.001 y=(0.890+£0.126)x — (1.262+0.174) 0.082
CH3COCH; y=(0.607+0.001)x— (0.573+£0.002) <0.001 y=(0.184+0.024)x+ (0.246+0.038 0.119

Table 5. Mechanism used to investigate the effects of OH regeneration in epoxide formation, as proposed by Paulot et al. (2009). Values for
the rate coefficients of OH +4Eg, ISOPQ + NO and ISOP@+ NO3 were used as described in the MCM. The photolysis rate of ISOPOOH
was used as adopted in GEOS-Chem.

Reaction Rate coefficient/chs—1 Reference

ISOPG + HO, 7.40x 1013 exp(7007)  Paulot et al. (2009)
— 0.88 ISOPOOH + 0.12 OH + 0.047 MACR + 0.073 MVK +
0.12 HQ, + 0.12 HCHO

ISOPOOH + OH— IEPOX + OH 1.90x 10~11 exp(3901T)  Paulot et al. (2009)
ISOPOOH + OH 3.8x 1012exp(2001)  Paulot et al. (2009)
— 0.7 1ISOPOO + 0.3 HC5 + 0.3 OH

IEPOX + OH— IEPOX0O 5.78x 10711 exp(~400T)  Paulot et al. (2009)
IEPOXOO + HG 7.40x 1013 exp(700T)  Paulot et al. (2009)

— 0.725 ACETOL + 0.275 HOCHCHO + 0.275 GLYOX +
0.275 MGLYOX + 0.125 OH + 0.825 H®+ 0.2 CG + 0.375
HCHO + 0.074 HCOOH + 0.251 CO

epoxide species and regenerate OH. Details of the reactionsroximately 24 h §oss= 1x10-°s~1), consistent with other
implemented in the model are given in Table 5. We usespecies in the model (Sect. 3).

the reaction scheme as provided by Paulot et al. (2009) for
implementation in the GEOS-CHEM global model, using
the GEOS-CHEM photolysis reaction products of ISOPOOH
and MCM chemistry for reactions of ISOB®@adicals with
NO and NQ. No reactions of ISOP@radicals with any
peroxy radical other than HOhave been included. An at-
mospheric lifetime for physical loss of IEPOX was set to ap-

While the production of the epoxide species by reaction
of OH with ISOPOOH is effectively OH neutral, the loss of
OH in the initial OH + GHg step is not negated, and there
is further loss of HQ in the non-epoxide producing chan-
nel in OH +1SOPOOH, OH + epoxide, and in the production
of ISOPOOH from HQ + ISOPQ. Figures 5k and 6k show
little improvement in the model success for OH compared
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Table 6. Reactions included in addition to the MCM to represent decompositigal8OPG radicals as proposed by da Silva et al. (2010).

Reaction Rate coefficient/s Reference

ISOPBG — MVK + HCHO + OH  2.38x 1012 exp(—21400/1.987) da Silva et al. (2010)
ISOPDGQ — MACR + HCHO + OH  1.27x 10'2 exp(-21000/1.98T) da Silva et al. (2010)

to the base MCM run, and a statistically significant differ- clude these reactions as additional processes to the normal

ence remains between the mean observed to modelled ONMICM chemistry, using the rate coefficients given in Table 6.

ratios for data points with isoprene above and below 15 ppt Figures 5m-n and 6m-n show the consequences of the de-

(Table 3). Wolfe et al. (2011) also found that additional composition process in ISOPB@nd ISOPDQ@ on the mod-

OH sources were still required on inclusion of the epoxideelled OH and HQ for OP3. Little difference from the MCM

scheme into the CAFE model during analysis of data from abase run is observed and significant differences in model suc-

ponderosa pine plantation during the BEARPEX campaign.cess remain for both OH and H@®or data points with iso-

Figure 7e shows the instantaneous OH budget for the samprene above and below 15 ppt. Although the unimolecular

single point investigated for the base MCM run (Fig. 7a). decomposition of3-ISOPQ radicals does provide a novel

There is little difference in the dominant chemistry for OH pathway for OH production, its effects on the modelled,HO

between the two simulations. Production of OH for both are limited due to competing bimolecular reactions ofghe

the MCM run and using the Paulot scheme is dominated byiISOPG radicals with HQ and NO. Indeed, da Silva et al. do

HO> + NO and Q photolysis, and loss reactions are dom- predict that the decomposition process is only likely to be in-

inated by OH+GHg. The epoxide scheme shows an in- fluential in the marine boundary layer, where concentrations

creased dominance of OH+HCHO, and shows considerablef both HO and NO are low.

loss of OH through OH +epoxide. An increased physical

loss of the epoxide to give an atmospheric lifetime of 1h5.7 Unimolecular decomposition in glyoxal and

(kioss= 2.78x10~*s~1) reduces the loss of OH through re- carboxylic acid oxidation — OH

action with the epoxide, but the resulting change in the mod-

elled OH does not significantly improve the model success. Further calculations by da Silva (2010a, b, 2011) have also
Simulated concentrations of H@re slightly increased us-  Proposed recycling of OH in glyoxal oxidation and in the ox-

ing the epoxide scheme, as shown in Figs. 5 and 61. For datation of carboxylic acids. Glyoxal is an oxidation product

points with isoprene above 15 ppt the mean observed to mod?f & number of anthropogenic and biogenic VOCs, including

elled HO ratio is reduced from 1_1%.30 using the MCM isoprene, while carboxylic acids are both emitted directly and
030 produced by oxidation of other VOCs.

These OH recycling mechanisms involve unimolecular
Jrocesses, occurring in competition with bimolecular reac-
éions with HQ and NO (da Silva, 2010a, b). Such pro-
cesses are unlikely to dominate at the NO andié@ncen-
trations encountered during OP3, similarly to the competi-
tion between unimolecular decomposition®BfSOPQ rad-
icals and reactions with H2and NO described previously.
Moreover, for the base MCM run loss of OH through reac-
tions with glyoxal and carboxylic acids represents a small
fraction of the total OH loss (0.23 % for glyoxal and 0.07 %
OI:_\())r acetic acid, the dominant carboxylic acid in the model).

ecycling of OH by these unimolecular processes, even if
they were to dominate over the bimolecular reactions, would
not provide sufficient increases to the modelled OH concen-
trations for OP3 to explain the model discrepancy.

to 0.96_*8:%3 using the epoxide mechanism (with th4 h
lifetime for physical loss of IEPOX). While this increase in
modelled HQ at isoprene concentrations above 15 ppt lead
to similar model success for data points with isoprene abov
and below 15ppt (Fig. 5I), diagnosis of the H®udget
(Fig. 7f) indicates that the difference arises owing to a differ-
ence in the rate of HO+ ISOPQ in the epoxide scheme rec-
ommended by Paulot et al. (2009) to that used in the MCM.
At 298 K, the rate coefficient for HO+ ISOPQ in the epox-
ide scheme is 75x10 2cm?s~1, while the MCM uses
1.61x10 1 cm3s! due to differences in the way the rate
coefficient has been predicted from measurements of rate ¢
efficients of HQ with other RQ radicals.

5.6 Unimolecular decomposition in8-ISOPO, — OH

Density Functional Theory calculations by da Silva et 5.8 Unimolecular decomposition ins-ISOPO, — —

al. (2010) suggest thad-ISOPQ radicals (ISOPB@ and OH + HO>

ISOPDQG in the MCM) may experience a unimolecular ther-

mal decomposition process involving an intramolecular H- Theoretical studies of ISOBQadicals predict unimolecular
shift, resulting in the production of OH, HCHO and either processes which lead to the formation of both OH anaHO
MVK (from ISOPBQ,) or MACR (from ISOPDQ@). We in- (Peeters et al., 2009; Peeters and Muller, 2010). One of the
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Table 7. Mechanism used to model recycling of OH and i@ isoprene photo-oxidation, as proposed by Peeters et al. (2009) and Peeters
and Muller (2010). Rate coefficients for second order reactions aredschithose for first order reactions and photolysis reactions are in

S

Reaction

Rate coefficient/chs 1 or s1

Reference

CsHg + OH — ISOP1
CsHg + OH — ISOP2
CsHg + OH — ISOP3
CsHg + OH — ISOP4
ISOP1— ISOPEG
ISOPEG — ISOP1
ISOP1— ISOPBG
ISOPBG — ISOP1
ISOP2— ISOPBG
ISOPBG, — ISOP2
ISOP2— ISOPAQ,
ISOPAG, — ISOP2

ISOPBG — OH + HCHO + MVK

ISOPAG, — HPALD1 + HO,
ISOP3— ISOPCQ
ISOPCQ — ISOP3
ISOP3— ISOPDGy
ISOPDG — ISOP3
ISOP4— ISOPDG,
ISOP4— ISOPDG,
ISOP4— ISOPGG
ISOPGQ — ISOP4

ISOPDGQ — OH + HCHO + MACR

ISOPGQ — HPALD2 + HO,

2.54x 1011 exp(410T) x 0.5 x 0.66
2.54x 10711 exp(410T) x 0.5 x 0.66
2.54x 10~ exp(410T) x 0.5x 0.34
2.54x 1011 exp(410T) x 0.5 x 0.34
3.1 x 102 exp(~79007T) x 9.8 x 1026 exp(7900T) x [O,]
3.1x 102 exp(=79001)
3.7 x 101 exp(-97501) x 4.0 x 10727 exp(9570T) x [O7]
3.7x 10 exp(—9570M)
4.2 x 1014 exp(-9970T) x 3.57 x 10~27 exp(9970T) x [O7]
4.2x 10" exp(-99701)
7.8 x 1013 exp(—8660T) x 1.79x 10~26 exp(8660T) x [O7]
7.8x 10'3 exp(~86601)
4.81x 101 exp(~9203T)
8.48 x 108 exp(~59301)
5.65x 1012 exp(—8410T) x 5.38x 10725 exp(84057) x [O,]
5.65x 1012 exp(—8410M)
5.0 x 101 exp(=10120T) x 3.07 x 1027 exp(10 116T) x [O5]
5.0x 10 exp(~10 120T)
8.25x 101 exp(~10220T) x 1.82x 10~27 exp(10 216T) x [O5]
8.25x 1014 exp(~10220T) x 3.07 x 10~27 exp(10 116T) x [O5]
1.4 x 101 exp(=91107T) x 7.01x 10~27 exp(91107) x [O2]
1.4x 1014 exp(~9110T)
4.81x 10 exp(-92031)
8.48 x 108 exp(~59301)

Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Muller and Peeters (2010)
Muller and Peeters (2010)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Peeters et al. (2009)
Muller and Peeters (2010)
Muller and Peeters (2010)

HPALD1 — PACALD1 + OH + HO, 4x104 Peeters et al. (2009)
HPALD2 — PACALD2 + OH + HO, 4x104 Peeters et al. (2009)
PACALD1 — HOCH,CHO + CH3CO3 + OH 1x 103 Peeters et al. (2009)
PACALD2 — ACETOL + CO + HG, + OH 1x 1073 Peeters et al. (2009)
HPALD1 + OH— PACALD1 + OH 5.0x 10711 Peeters et al. (2009)
HPALD2 + OH— PACALD2 + OH 5.0x 10711 Peeters et al. (2009)

key features of the scheme considered by Peeters et al. (20085e those predicted by Peeters et al. (2009) and Peeters and
is the rapid equilibrium between the initial OH-isoprene ad- Muller (2010). Four additional ISOROsomers are incor-
dition products (ISOPOH) and their corresponding ISQPO porated in the Peeters mechanism that are not currently in-
isomers formed on reaction with molecular oxygen. This re-cluded in the MCM. Two of these, labelled here as ISOREO
sults in the greatest reaction flux occurring through the fastesand ISOPGQ, were approximated to behave in an identical
product forming pathway. The fastest product forming path-fashion with respect to H&) RO, and NO as their MCM
way is expected to occur through unimolecular ISQPO structural analogue ISOPAO The other two additional
rearrangements involving a 1,6-H-shift, resulting in pro- ISOPQ isomers, labelled here as ISOPFénd ISOPHGQ,
duction of HQ and unsaturated hydroxyperoxy-aldehydesare the HPALD producing isomers and we assume produc-
(HPALDSs). Peeters et al. (2009) propose that the HPALDtion of the corresponding HPALD isomer (HPALD1 and
species will photolyse rapidly during the day to produce OH, HPALD?2 respectively) with 100 % yield.
thereby increasing the expected yield of both OH andbHO  Photolysis of HPALDs is predicted to be rapid during the
In addition, minor channels to OH, HCHO and either MVK day ((HPALD) ~3x10~*s~! at noon) due to the combina-
or MACR are expected to occur by 1,5-H-shifts in ISQPO tion of the unsaturated aldehyde moiety and the hydroperox-
isomers, with total expected yields of approximately 1 for ide functional group (Peeters et al., 2009; Peeters and Muller,
OH and 0.7 for HQ. 2010) and is expected to produce OH radicals in 100 % yield,
Details of the mechanism suggested by Peeters ethus providing an efficient mechanism for OH recycling in
al. (2009) and Peeters and Muller (2010) are given in Ta-isoprene oxidation.
ble 7. Where differences exist in rate coefficients between
the Peeters mechanism and those currently in the MCM we
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Table 8. Sensitivity of model output to key reaction rates in the Peeters mechansim. Mean ratios of observed to modelled Opl and HO
are given for data points where isoprene concentrations are greater than 15 ppt. Mean ratios of observed to modelled @FfbaddtBlO

points where isoprene concentrations were lower than 15 ppt were not significantly different to those given in Table 3 for the standard Peeters
mechanism. The mechanism for the base Peeters model run is given in TaPteréfers to the probability result of the Kolmorogov-
Smirnov test and refers to the probability that the distribution functions of the ratios for data points with isoprene above and below 15 ppt
are statistically identicalPy refers to the probability result of the Kruskal-Wallis test and indicates the probability that the ratios for data
points with isoprene concentrations above 15 ppt are independent of the isoprene concentration. Probability values less than 0.001 are listet
as zero.

Model run Mean Pp Py Mean Pp Py

[OH]obs/modx [HOZ]obs/mod:

CsHg >15 ppt CsHg

>15 ppt

Base Peeters run l§§ii 0.820 0.014 0.41_58&8 0 0
HPALD + OH — PACALD (no OH recycling) 162123 0.884 0.029 0.47515 0o 0
PACALD2 + hv — ACETOL + CO + OH (i.e. no HQ) 153114 0.820 0.017 0.48313 0o 0
PACALDL + hv — HOCH,CHO + CH;CO3 + 2 OH and 1197529 0.006 0.002 0.42518 0o 0
PACALD2 +hv — ACETOL + CO + 2 OH (i.e. 2 OH and no HY)
k/5 for ISOPGQ — HPALD + HO, 2.00" 187 0.035 0.028 0.6032} o 0
KI5 for ISOPG — HPALD + HO, and 2.021-88 0.029 0.026 0.68)23 o 0
PACALD2 +hv — ACETOL + CO + OH (i.e. no HQ)
k/5 for ISOPQ — HPALD + HO; and 2.09723 0016 0.023 0.68)23 0o 0

PACALD2 + hv — ACETOL + CO + OH (i.e. no H@) and HPALD +

hv — PACALD + OH (i.e. no HQ)

k/10 for ISOPQ — HPALD + HO, and 240113 0 0016 078332 0o 0
PACALD2 +hv — ACETOL + CO + OH (i.e. no HG) and HPALD + ' '

hv — PACALD + OH (i.e. no HQ)

k/10 for ISOPQ — HPALD + HO, and 2.647353 0 0011 078332 0001 ©
PACALD2 + hv — ACETOL + CO + OH (i.e. no HG) and HPALD ' '

+ hv — PACALD + OH (i.e. no HG) andk/5 for ISOPBGQ — OH +

HCHO + MVK andk/5 for ISOPDQ — OH + HCHO + MACR

The organic products of HPALD photolysis are ex- proposed mechanisms are OH neutral for these reactions, and
pected to undergo a series of rapid unimolecular H-shiftsresult in prompt formation of the PACALD species (Peeters
and reactions with molecular oxygen to generate ,HO et al., 2009; Peeters and Muller, 2010).
and peroxy acid aldehydes (PACALDs). The PACALD Figures 50-p and 60—p show the impact of the Peeters
species are also thought to be extremely photolabilemechanism onthe modelled H@r OP3. The modelled OH
(i(PACALD) ~ 1x10~3s71), and further production of OH  concentrations show a considerable improvement compared
on PACALD photolysis has been proposed (Peeters et al.to the standard MCM base model run, with this scheme pro-
2009; Peeters and Muller, 2010). viding the greatest increase in the modelled OH by a viable

We consider the co-products of PACALD photolysis in mechanism observed thus far. Figure 7g shows the instanta-
analogy with photolysis of the structurally similar MCM neous OH budget for the single point used in Fig. 7a, indi-
species HC4ACgH and HC4CCQ@H, which in addition  cating that much of the observed increase in OH results from
to OH produce CHCOCH,OH (ACETOL), CO and HQ@ HPALD and PACALD photolysis.
and HOCHCHO and CHCOg, respectively. Although the The probability distribution functions for the observed
Peeters mechanism expects production of ketenes on photale modelled OH ratios for data points with isoprene above
ysis of the PACALDs, further oxidation chemistry for such and below 15 ppt (Fig. 50), and accompanying Kolmogorov-
ketene species is, at the present, unavailable, and we use ti8mirnov test in Table 3, show that there is no statistically
MCM analogues at this point in the scheme in an attempt tosignificant difference between the model success for OH for
provide a full isoprene degradation scheme. Sensitivity ofthe two regimes using this mechanism. The observed to
the Peeters mechanism to the PACALD photolysis productanodelled ratio for OH does, however, show some small de-
is shown in Table 8. We also consider reactions of OH with pendence on the isoprene concentration. Figure 60 shows
HPALDs to occur in competition with photolysis, but the that the observed to modelled ratio for OH is lower at high
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isoprene concentrations than at low isoprene concentrationglecomposition of3-ISOPQ radicals (da Silva et al., 2010)
and the Kruskal-Wallis test (Table 3) indicates a low prob- do little to improve the model discrepancy for OH.
ability (P =0.014) that there is no difference in the ratio = Formation of OH by an unknown species responsible for
as a function of the isoprene concentration. However, theconversion of R@ to HO, and HGQ to OH remains a possi-
Peeters mechanism does provide a significant improvemertiility, although the impact on REis difficult to assess due
in the model’s ability to simulate the observed OH concen-to the lack of aircraft observations of R@uring OP3, and
trations. has also been proposed as a potential mechanism to improve
Figures 5p and 6p and Table 3 show the model resultgnodel success for the ground-based OP3 campaign (Whal-
for HO,, revealing that the Hconcentrations predicted by ley et al., 2011). Based on the model requirements for the
the Peeters scheme are significantly higher than the observe#nknown species to replicate the kl@bservations we do
concentrations. Figure 7h shows the instantaneoust@- not expect the involvement of halogen chemistry since the
get for the single point shown in Fig. 7b and reveals both anconcentrations of BrO required would exceed 4 ppb. Known
increased flux of H@ compared to the base MCM run (due Species in the model that are potential candidates for involve-
to an increase in OH and therefore total J@nd signifi- ~ Mentin these conversion reactions are limited to those shown
cant production of H@ on both production and photo|ysis in Table 4. Most of these are unmeasured and observations
of the HPALDs. Photolysis of one of the PACALD isomers Of their concentrations may offer some constraint on the sys-
also produces H®@in our base simulation using the Peeters tem.
mechanism as a result of the use of MCM structural ana- The possibility for production of large amounts of OH by
logues for the PACALD photolysis products, contributing to @ combination of reactions involving VOC oxidation prod-
the observed increase in HOSensitivity of the model to this ~ ucts formed in small yields should not be rejected. Theo-
is discussed below. retical studies have indicated that OH may be produced by
There are significant uncertainties in the calculated rateg“nimolecular processes in a number of different compounds
coefficients for the Peeters mechanism, with estimated un{d@ Silva et al., 2010; da Silva, 2010a, b, 2011; Peeters et
certainties of a factor of5 (Peeters et al., 2009; Peeters and & 2009; Chen et al,, 2011) and the combined effects of a
Muller, 2010). The fate of the PACALD photolysis products '2r9€ number of as yet unreported such processes may pro-
is also a significant source of uncertainty in the model. WeVide significantimprovements to the model success. The OH
have investigated various combinations of reductions to keyPUdget given in Fig. 7a for the base MCM run shows that
rate coefficients in the scheme and changes to HPALD andhile OH loss by any single species is dominated by iso-
PACALD photolysis products. Table 8 lists the sensitivity Préne; there are still a large number of reactions remaining
analyses conducted and shows the mean observed to motf2r Which concentrations of the species in question are un-
elled ratios for OH and H@and results of the Kolmogorov- measur_ed and reaction rates and products may be unt_:ertaln.
Smirnov and Kruskal-Wallis tests for each of these model!Nteractions between Hgand carbonyl compounds certainly
runs. We have been unable to find a scheme able to reprd/_varranfc further at'_[ention with respect to their potential for
duce both the OH and Hbbservations. Thus although the Producing OH radicals.

Peeters mechanism appears to remove the model bias in OH, We find significant improvement to the model success for
it reappears in HQ OH using the Peeters mechanism (Peeters et al., 2009). How-

ever, the Peeters mechanism leads to a significant model
overestimation of HQ, which may reflect the large uncer-
tainties in the calculated rate coefficients and uncertainty in

6 Impact of mechanistic changes the fate of PACALD photolysis products. We have not been
able to model observations of both OH and H®ith the

Figures 5 and 6 and Table 3 show the impact of the mecharesults from any single model run.

nistic changes on the mean observed to modelled ratios for This inability to simulate both OH and HGsimultane-

OH and HQ for each scheme investigated. The base MCMously is not unique to the Peeters mechanism. We observe

run significantly underpredicts the observed OH concentrathat mechanisms which can adequately describe the OH ob-

tions. While improvements to the modelled OH concentra-servations tend to overpredict the Bl@oncentrations. This

tion are possible through direct recycling of OH (Kubistin et indicates that there are outstanding problems in our under-

al., 2008) and production from HG- ISOPQ (Lelieveld et  standing of HQ chemistry in this region.

al., 2008; Butler et al., 2008; Kubistin et al., 2010), the yields

of OH required from these mechanisms to rectify the model

discrepancy are not compatible with available evidence (Has-

son et al., 2004; Le Crane et al., 2006; Jenkin et al., 2007,

2008, 2010; Dillon and Crowley, 2008) and are unlikely to

operate. Formation of an isoprene-derived epoxide species

(Paulot et al., 2009), or production of OH from unimolecular
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7 Conclusions Monks, P., Shallcross, D. E., Teford, P. J., Whalley, L. K., and
Pyle, J. A.: Impacts of HQregeneration and recycling in the

It is not obvious that further field studies will help to explain  oxidation of isoprene: Consequences for the composition of

the model failure. However, observations of some of the new past, present and future atmospheres, Geophys. Res. Lett., 38,

postulated species (epoxides, HPALDs etc.) may allow fur- L05804,doi:10.1029/2010GL04652@011.

ther progress to be made. Bloss, W. J., Gravestock, T. J., Heard, D. E., Ingham, T., Johnson,
Further laboratory experiments are required to elucidate G- P~ and Lee, J. D.. Application of a compact all solid-state

the mechanisms involved in the oxidation of isoprene. Such 2S€r System to the in situ detection of atmospheric OHpHO

. . . . . NO and IO by laser-induced fluorescence, J. Environ. Monit., 5,
studies may provide a solution which enables reproduction of 21-28. 2003

obs_ervgtions of both QH and H®y the r_"o‘?'e'- Howeyer, Brough, N., Reeves, C. E., Penkett, S. A., Stewart, D. J., Dewey,
until this has been achieved, our results indicate that in order y_“gent, J., Barjat, H., Monks, P. S., Ziereis, H., Stock, P.,
to obtain model to observation agreement for OH we require  Huntrieser, H., and Schlager, H.: Intercomparison of aircraft
additional loss processes for HO Any potential interfer- instruments on board the C-130 and Falcon 20 over southern
ence in the H@ measurements derived from alkene-based Germany during EXPORT 2000, Atmos. Chem. Phys., 3, 2127—
peroxy radicals, as discussed by Fuchs et al. (2011), will lead 2138,d0i:10.5194/acp-3-2127-2003003.
to a greater model discrepancy for H@hen agreement is  Burrows, J. P., Moortgat, G. K., Tyndall, G. S, Cox, R. A., Jenkin,
achieved for OH, and the need for much greater additional M- E., Hayman, G. D., and Veyret, B.: Kinetics and Mechanism
loss processes for HQhan is indicated here. ?f thgt P(:TOIO(\)]X'S?'O”C?J Fornézldggé’ge'zgéz'v"iggg'a’ Modula-
- - . . ion Studies, J. s. Chem., 93, — , .

.Tl'he OXIda.tlon of ISoprehe In_the aFmosphere plays a Slg-Butler, T. M., Tarabo)r/relli, D., Bihl, C., Fischer, H., Harder, H.,

nificant role in understanding air quality and climate change.

i . . ’ . Martinez, M., Williams, J., Lawrence, M. G., and Lelieveld,
The changing emissions of isoprene in future climates due J.: Improved simulation of isoprene oxidation chemistry with

to increases in temperature and changing land use is one of the ECHAMS/MESSy chemistry-climate model: lessons from
the major driving forces for changes in atmospheric compo-  the GABRIEL airborne field campaign, Atmos. Chem. Phys., 8,
sition. This study emphasises that significant gaps exist in  4529-4546doi:10.5194/acp-8-4529-2008008.

our knowledge of the chemistry of isoprene which lead to Capes, G., Murphy, J. G., Reeves, C. E., McQuaid, J. B., Hamil-
significant reductions in our confidence in simulations of the ton, J. F, Hopkins, J. R., Crosier, J., Williams, P. 1., and Coe,
future composition of the atmosphere. None of the mecha- H.: Secondary organic aerosol from biogenic VOCs over West

nistic suggestions available can reconcile both the OH and Africa during AMMA, Atmos. Chem. Phys., 9, 3841-3850,
HO, observations. doi:10.5194/acp-9-3841-2002009.
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