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Abstract. Recently reported model-measurement discrepan-
cies for the concentrations of the HOx radical species (OH
and HO2) in locations characterized by high emission rates
of isoprene have indicated possible deficiencies in the repre-
sentation of OH recycling and formation in isoprene mecha-
nisms currently employed in numerical models; particularly
at low levels of NOx. Using version 3.1 of the Master Chem-
ical Mechanism (MCM v3.1) as a base mechanism, the sen-
sitivity of the system to a number of detailed mechanistic
changes is examined for a wide range of NOx levels, us-
ing a simple box model. The studies consider sensitivity
tests in relation to three general areas for which experimen-
tal and/or theoretical evidence has been reported in the peer-
reviewed literature, as follows: (1) implementation of propa-
gating channels for the reactions of HO2 with acyl andβ-oxo
peroxy radicals with HO2, with support from a number of
studies; (2) implementation of the OH-catalysed conversion
of isoprene-derived hydroperoxides to isomeric epoxydiols,
as characterised by Paulot et al. (2009a); and (3) implementa-
tion of a mechanism involving respective 1,5 and 1,6 H atom
shift isomerisation reactions of theβ-hydroxyalkenyl and
cis-δ-hydroxyalkenyl peroxy radical isomers, formed from
the sequential addition of OH and O2 to isoprene, based on
the theoretical study of Peeters et al. (2009). All the con-
sidered mechanistic changes lead to simulated increases in
the concentrations of OH, with (1) and (2) resulting in re-
spective increases of up to about 7% and 16%, depending
on the level of NOx. (3) is found to have potentially much
greater impacts, with enhancements in OH concentrations of
up to a factor of about 3.3, depending on the level of NOx,
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provided the (crucial) rapid photolysis of the hydroperoxy-
methyl-butenal products of the cis-δ-hydroxyalkenyl peroxy
radical isomerisation reactions is represented, as also postu-
lated by Peeters et al. (2009). Additional tests suggest that
the mechanism with the reported parameters cannot be fully
reconciled with atmospheric observations and existing lab-
oratory data without some degree of parameter refinement
and optimisation which would probably include a reduction
in the peroxy radical isomerisation rates and a consequent
reduction in the OH enhancement propensity. However, an
order of magntitude reduction in the isomerisation rates is
still found to yield notable enhancements in OH concentra-
tions of up to a factor of about 2, with the maximum impact
at the low end of the considered NOx range.

A parameterized representation of the mechanistic
changes is optimized and implemented into a reduced vari-
ant of the Common Representative Intermediates mechanism
(CRI v2-R5), for use in the STOCHEM global chemistry-
transport model. The impacts of the modified chemistry in
the global model are shown to be consistent with those ob-
served in the box model sensitivity studies, and the results are
illustrated and discussed with a particular focus on the tropi-
cal forested regions of the Amazon and Borneo where unex-
pectedly elevated concentrations of OH have recently been
reported.

1 Introduction

The role of the hydroxyl radical (OH) as initiator in the
degradation of volatile organic compounds (VOCs) in the
troposphere has been well established for several decades
and has led to the species being termed the atmospheric
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“cleanser” (Heard and Pilling, 2003). In the presence of
nitrogen oxides (NOx = NO + NO2) it has long been recog-
nized that the reactions of OH with VOCs can initiate rapid
sequences of reactions, in which organic peroxy radicals
(RO2), oxy radicals (RO) and the hydroperoxy radical (HO2)
can act as chain propagating species, leading to the regener-
ation of OH (e.g., Lightfoot et al., 1992; Jenkin and Clemit-
shaw, 2000). The reactions of RO2 and HO2 with NO play a
key role in these catalytic cycles, since the associated oxida-
tion of NO to NO2 leads to the formation of ozone following
the subsequent photolysis of NO2:

RO2+NO→ RO+NO2 (R1)

HO2+NO→ OH+NO2 (R2)

NO2+hυ → NO+O(3P) (R3)

O(3P)+O2(+M) → O3(+M) (R4)

In the absence of high levels of NOx, the reactions of RO2
with HO2 have generally been accepted to play an important
role in traditional understanding of the chemistry of VOC ox-
idation, leading to chain termination and a general suppres-
sion of the concentrations of the free radical species:

RO2+HO2 → ROOH+O2 (R5)

However, analysis of recent direct measurements of OH
and HO2 (collectively referred to as HOx) over the Amazo-
nian rainforest (Lelieveld et al., 2008) and the tropical forests
of Borneo (Pugh et al., 2010a) have suggested that, in the ab-
sence of high levels of NOx, there must be an unknown recy-
cling mechanism for OH, as the current chemistry employed
in numerical model studies cannot reproduce the measure-
ments. Moreover, these findings are not just limited to the
tropics. One can see that a clear pattern arises of model un-
derestimation for OH that is linked primarily with the co-
location of isoprene emissions (Tan et al., 2001; Thornton et
al., 2002; Martinez et al., 2003; Ren et al., 2008).

This issue has recently been addressed in the global mod-
elling study of Butler et al. (2008) and constrained box mod-
elling study of Kubistin et al. (2008), which have shown that
model-measurement discrepancies related to the GABRIEL
campaign over the Amazonian rainforest can be reconciled
by artificially increasing the extent of OH recycling at low
NOx, through a parametric adjustment to Reaction (R5) for
isoprene-derived RO2 radicals, in whichn molecules of OH
are added to the reaction products. Optimised values ofn = 2
andn = 3.2 were reported by Butler et al. (2008) and Kubistin
et al. (2008), respectively. Although the representation is ar-
tificial, some support derives from the results of a number
of recent laboratory studies, which have demonstrated that
several oxygenated RO2 radicals possess radical-propagating
channels for their reactions with HO2. (Hasson et al., 2004;
Jenkin et al., 2007, 2008a, 2010; Dillon and Crowley, 2008).

Kubistin et al. (2008) also examined whether this conclu-
sion could be explained by a variety of novel (but related)
chemical pathways, including enhanced photolysis of the or-
ganic hydroperoxide (ROOH) products and competitive pho-
tolysis of the RO2 radicals themselves, but no single chem-
ically feasible pathway was found. However, a recent theo-
retical study of Peeters et al. (2009) has suggested that some
of the isomeric isoprene-derived RO2 radicals can undergo
unimolecular isomerisation reactions that are estimated to be
competitive with the bimolecular reactions, such as Reac-
tion (R5), which are usually considered to dominate under
low NOx conditions. In conjunction with the resultant pro-
duction of particularly photolabile unsaturated hydroperox-
yaldehyde products, Peeters et al. (2009) postulated that this
chemistry could be a major factor in reconciling the reported
model-measurement discrepancies. In addition to this, the
further OH-initiated oxidation of the hydroperoxide (ROOH)
products, formed in Reaction (R5), has recently been shown
to proceed predominantly via an OH-neutral pathway in-
volving OH-catalysed conversion into isomeric epoxydiols
(Paulot et al., 2009a), thereby potentially removing an OH
sink in many mechanistic representations of isoprene degra-
dation.

Recently, Pugh et al. (2010a) have also highlighted the
need for accurate characterization and representation of
physical processes in addressing model-measurement dis-
crepancies, in relation to measurements made as part of the
OP3 campaign in Malaysian Borneo. In part they conclude
that air mass segregation effects for OH and isoprene (as also
proposed by Butler et al., 2008) potentially play an important
role, based on investigating the impact of phenomenological
reductions in the rate coefficient for the reaction of OH with
isoprene, which were reported to be as high as 50%. The
model-measurement discrepancies may therefore have con-
tributions from shortcomings in the representation of both
chemistry and dynamics. However, a more recent assessment
of segregation effects in the OP3 campaign has suggested a
substantially smaller impact than previously reported (Pugh
et al., 2010b), which is more comparable to the 15% phe-
nomenological reduction in rate coefficient reported recently
by Dlugi et al. (2010), based on measurements over a decid-
uous forest in Germany.

The aim of the present paper is specifically to address the
impacts of detailed chemical mechanistic changes on the for-
mation and recycling of HOx during the oxidation of iso-
prene. The paper is split into two parts, with the first part
being dedicated to investigating the fine details of this chem-
ical system over a wide range of NOx levels, using sensitivity
tests involving the Master Chemical Mechanism version 3.1
(MCM v3.1) and a simple box model. MCM v3.1 provides
an explicit reaction framework of elementary reactions (de-
scribed in Sect. 2), which is ideally suited as a benchmark for
testing detailed mechanistic changes. It was also applied in
the studies of Lelieveld et al. (2008), Butler et al. (2008) and
Kubistin et al. (2008) either directly, or by virtue of being
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the reference mechanism from which version 2 of the Mainz
Isoprene Mechanism (MIM2) was developed and optimized
(Tarborrelli et al., 2009). The close agreement of the perfor-
mance of MIM2 and MCM v3.1 has also been confirmed for
a wide range of NOx levels in the recent isoprene mechanism
intercomparison of Archibald et al. (2009), using the same
box model as applied in the present study. Consequently
the results of the sensitivity tests reported here can be com-
pared directly with the magnitude of the model-measurement
discrepancies reported for HOx previously (Lelieveld et al.,
2008; Butler et al., 2008; Kubistin et al., 2008). The sen-
sitivity tests place emphasis on processes for which experi-
mental and/or theoretical evidence has been reported in the
peer-reviewed literature, and aim to identify whether the in-
dividual or collective impacts of the mechanistic changes
are sufficient to account for the previously reported model-
measurement discrepancies.

In the second part of the paper, a parameterized represen-
tation of a consolidation of the mechanistic changes is opti-
mized and implemented into a reduced variant of the Com-
mon Representative Intermediates mechanism (CRI v2-R5),
for use in the STOCHEM global chemistry-transport model,
and the potential global impacts are illustrated and discussed.

2 Chemistry of isoprene degradation in MCM v3.1

The complete degradation chemistry of isoprene, as rep-
resented in MCM v3.1, consists of 605 reactions of 201
species. The chemistry can be viewed and downloaded using
the subset mechanism assembling facility, available as part
of the MCM website (http://mcm.leeds.ac.uk/MCM). The
methodology of mechanism construction has been described
in detail by Jenkin et al. (1997) and Saunders et al. (2003).
Although the chemistry initiated by reaction with OH, O3
and NO3 is represented, the OH-initiated degradation tends
to dominate under atmospheric conditions, and this chem-
istry is therefore the focus of the ensuing description.

The main features of the OH-initiated degradation chem-
istry to first generation products when NOx is present are
summarized in Fig. 1. Oxidation of isoprene in MCM v3.1
proceeds by sequential addition of OH and O2 leading to the
initial formation of four isomeric hydroxyl-substituted per-
oxy radicals (RO2). These are formed from the initial ad-
dition of OH to the terminal carbon atoms (i.e., positions 1
and 4), which is estimated to account for 90% of the reaction,
based on the structure-reactivity method described by Peeters
et al. (1994), as applied with the MCM. The other 10% is es-
timated to proceed via addition to the internal carbon atoms.
These minor channels are not represented in MCM v3.1, the
branching ratios for addition of OH at positions 1 and 4 being
scaled pro rata.

The relative importance of initial OH addition at posi-
tions 1 and 4 is also based on the structure-reactivity method
of Peeters et al. (1994), but is also broadly consistent with
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Fig. 1. MCM v3.1 representation of the OH initiated degradation
of isoprene to first generation products, in the presence of sufficient
NOx such that NO provides the dominant reaction partner for the
peroxy radicals. Species names correspond to those appearing in
MCM v3.1. Closed-shell products are displayed in boxes, along
with their molar yields.

a number of more recent estimates (e.g., Greenwald et al.,
2007). In each case, this leads to formation of an organic rad-
ical possessing an allyl resonance, such that the subsequent
addition of O2 can occur at two positions. As described by
Saunders et al. (2003), addition of O2 at the more substituted
site is assumed to be favoured in each case, and is assigned
a probability of 75%, leading to the initial distribution of the
RO2 radicals shown in Fig. 1.

The subsequent chemistry in the presence of relatively
high NOx levels leads predominantly to the formation of
carbonyl products, as a result of chemistry propagated by
reactions of peroxy (RO2) and oxy (RO) radical interme-
diates. For example, the initial oxidation sequence involv-
ing ISOPDO2 proceeds via the following catalytic cycle (see
Fig. 1 for species identities):

OH+isoprene(+O2) → ISOPDO2 (R6)

ISOPDO2+NO→ ISOPDO+NO2 (R7a)

ISOPDO→ MACR(methacrolein)+CH2OH (R8)

CH2OH+O2 → HCHO+HO2 (R9)

HO2+NO→ OH+NO2 (R2)

www.atmos-chem-phys.net/10/8097/2010/ Atmos. Chem. Phys., 10, 8097–8118, 2010
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The peroxy radicals (RO2 and HO2) thus provide the cou-
pling with the chemistry of NOx, which leads to NO-to-
NO2 conversion, and formation of O3 upon photolysis of
NO2 (via Reactions R3 and R4). The subsequently-formed
oxy radicals determine the identities of the carbonyl prod-
ucts generated from the degradation. In MCM v3.1, theβ-
hydroxyalkenyloxy radicals, ISOPBO and ISOPDO, are as-
sumed to undergo exclusive C-C bond scission, leading to
the formation of HCHO and the well-established C4 car-
bonyl products, methacrolein (MACR) and methylvinyl ke-
tone (MVK), resulting in respective molar yields of about
68%, 22% and 34% from the NOx-propagated chemistry, in
good agreement with those reported in the literature (e.g.,
Calvert et al., 2000 and references therein). On the ba-
sis of the results of Ruppert and Becker (2000) and Yu et
al. (1995), a minor decomposition channel is also included
for ISOPBO, leading to the formation of hydroxymethylvinyl
ketone (MVKOH) with a molar yield of about 11%, as shown
in Fig. 1, although it is noted that this process is not supported
by the results of Benkelberg et al. (2000).

Theδ-hydroxyalkenyloxy radicals, ISOPAO and ISOPCO,
are assumed to generate the closely-related C5 hydroxycar-
bonyl products 4-hydroxy-2-methyl-but-2-enal (HC4CCHO)
and 4-hydroxy-2-methyl-but-2-enal (HC4ACHO), which
have also been reported in the literature (Calvert et al., 2000;
Zhao et al., 2004; Baker et al., 2005; Paulot et al., 2009b).
In MCM v3.1, this is assumed to occur in each case via
a 1,5-H atom shift isomerisation, followed by reaction of
the resultingα-hydroxy organic radical with O2, in agree-
ment with the appraisals of Zhao et al. (2003) and Park et
al. (2004). It should be noted that the same products would
be formed (albeit from the alternative oxy radical) if ISOPAO
and ISOPCO reacted directly with O2. As shown in Fig. 1,
the resultant total molar yield of C5 hydroxycarbonyl prod-
ucts from the NOx-propagated chemistry is about 22%, in
reasonable agreement with that reported (Calvert et al., 2000;
Zhao et al., 2004; Baker et al., 2005; Paulot et al., 2009b).

The chemistry discussed above, and represented in reac-
tion sequence Reactions (R6)–(R9) and (R2), consists en-
tirely of propagation reactions which conserve the radical
population. Although that chemistry dominates when NOx
is present, some radical removal occurs as a result of the al-
ternative terminating channels for the reactions of the peroxy
radicals with NO, which form the corresponding organic ni-
trate product, e.g.:

ISOPDO2+NO→ ISOPDNO3 (R7b)

As indicated by the total nitrate product yields shown in
Fig. 1, the weighted average branching ratio,k7b/(k7a+k7b)
for first generation nitrate product formation in MCM v3.1
is assigned a value of 10%, based on an evaluation of re-
ported yields (e.g., see Pinho et al., 2005), such that the suite
of oxy radicals (ISOPAO, ISOPBO, ISOPCO and ISOPDO)
is formed from the propagating chemistry with a yield of
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Fig. 2. MCM v3.1 representation of the OH initiated degrada-
tion of isoprene to first generation products, in the absence of
NOx (routes to formation of initial peroxy radicals are as shown
in Fig. 1). Species names correspond to those appearing in MCM
v3.1. Closed-shell products are displayed in boxes, along with their
molar yields (N.B., HCHO, HC4ACHO and HC4CCHO are gener-
ated by more than one displayed reaction, such that their respective
total molar yields are 30.7%, 5.8% and 9.9%). The yields corre-
spond to conditions representative of traditional NOx-free chamber
experiments with no primary HO2 source (see text).

90%. It is noted that reported laboratory determinations of
the yields of isoprene nitrates from the OH-initiated chem-
istry show some variability, although the more recent studies
report values lying in the range 7–12% (Sprengnether et al.,
2002; Patchen et al., 2007; Paulot et al., 2009b; Lockwood et
al., 2010). The value applied in MCM v3.1 is therefore con-
sistent with these determinations, and is also in agreement
with the recent recommendation of the IUPAC data evalua-
tion panel (IUPAC, 2010).

The OH-initiated degradation chemistry to first generation
products when NOx is absent, as represented in MCM v3.1,
is summarized in Fig. 2. Under these conditions, removal of
the peroxy radicals occurs either via parameterized “permu-
tation reactions” with the “pool” of available organic peroxy
radicals (denoted “RO2”), or via reaction with HO2. e.g.:

ISOPDO2(+RO2) → ISOPDO(+RO+O2) (R10a)

ISOPDO2(+RO2) → ISOPDOH(+R−HO+O2) (R10b)

ISOPDO2(+RO2) → HCOC5(+ROH+O2) (R10c)

ISOPDO2+HO2 → ISOPDOOH+O2 (R11)

Atmos. Chem. Phys., 10, 8097–8118, 2010 www.atmos-chem-phys.net/10/8097/2010/
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Of these reactions only Reaction (R10a) is propagating,
such that the formation of the suite of oxy radicals (ISOPAO,
ISOPBO, ISOPCO and ISOPDO) is substantially reduced to
a total yield of less than 50% (see Fig. 2); with the balance
mainly due to the formation of the hydroperoxide products,
in particular ISOPBOOH. It should also be noted that the
conditions considered here are representative of NOx-free
laboratory studies which have traditionally been applied to
study isoprene degradation, in which HO2 is formed only
as a secondary radical in the system following further reac-
tions of oxy radicals, e.g., from ISOPDO (formed in channel
Reaction R10a) via Reactions (R8) and (R9). The product
yields displayed for the carbonyl, hydroperoxide and alcohol
products in Fig. 2 thus represent such conditions, and gener-
ally agree well with those reported (e.g., Ruppert and Becker,
2000; Benkelberg et al., 2000; Lee et al., 2005). Under atmo-
spheric conditions, the reactions of the peroxy radicals with
HO2 tend to be even more significant, such that the first gen-
eration MCM v3.1 chemistry predicts substantial radical ter-
mination through formation of hydroperoxide products when
NOx levels are low. It is noted, however, that the lifetimes of
the peroxy radicals with respect to reaction with HO2 (and
RO2) can be substantial (e.g., minutes) at the low concentra-
tions which prevail in the atmosphere, such that unimolecu-
lar reactions can potentially become more competitive. This
is considered further in the sensitivity tests described below
(Sect. 3.4).

As outlined by Saunders et al. (2003) and Pinho et
al. (2005), the further degradation of the major C4 and
C5 carbonyl and hydroxycarbonyl products in MCM v3.1
is treated rigorously, and leads ultimately to the gener-
ation of CO and CO2 via a number of well-established
intermediate carbonyl products, such as hydroxyacetone
(CH3C(O)CH2OH), methyl glyoxal (CH3C(O)CHO), glyco-
laldehyde (HOCH2CHO), glyoxal (CH(O)CHO) and addi-
tional HCHO. In the presence of sufficient NOx, the chem-
istry is propagated by catalytic cycles similar to that pre-
sented above for the first generation chemistry, with chain
terminating reactions of RO2 with HO2 similarly becoming
competitive as levels of NOx decrease. In MCM v3.1, these
reactions are fully terminating, and currently do not reflect
the results of a number of recent laboratory studies, which
have demonstrated that selected oxygenated RO2 radicals
possess significant radical-propagating channels for their re-
actions with HO2: (Hasson et al., 2004; Jenkin et al., 2007;
2008a; 2010; Dillon and Crowley, 2008). This has been
found to be particularly important for the acetyl peroxy radi-
cal (CH3C(O)O2), with the product channel:

CH3C(O)O2+HO2 → CH3C(O)O+OH+O2 (R12)

accounting for about 40–50% of the overall reaction (Has-
son et al., 2004; Jenkin et al., 2007; Dillon and Crowley,
2008). In addition to CH3C(O)O2, the MCM v3.1 chem-
istry generates a number of other acyl peroxy radicals (i.e.,

of generic formula RC(O)O2), the reactions of which with
HO2 are also likely to possess significant propagating chan-
nels, by analogy. These include the methacrolyl peroxy
radical (formed from methacrolein), and RC(O)O2 radicals
formed from the oxidation of HC4ACHO, HC4CCHO and
HOCH2CHO. This issue is considered further in the sensi-
tivity tests described below (Sect. 3.2).

As part of a systematic strategy to limit the size of the
MCM, a simplified treatment is applied to the degradation of
products which are formed exclusively from the reactions of
RO2 with HO2 and with the peroxy radical pool (Jenkin et al.,
1997; Saunders et al., 2003). As indicated above, hydroper-
oxides formed from the reactions of RO2 with HO2 are pre-
dicted to play a significant role in isoprene oxidation at low
NOx levels, and it is timely to examine the impact of the ap-
plied simplifications. For primary and secondary hydroper-
oxides, two representative channels are considered by anal-
ogy with the reaction of OH with CH3OOH (e.g., Vaghjiani
and Ravishankara, 1989):

OH+ROOH→ RO2+H2O (R13a)

OH+ROOH→ R−HO+OH+H2O (R13b)

Channel (R13a) is explicit representation of abstraction of
the hydroperoxyl H atom, whereas channel (R13b), form-
ing the corresponding carbonyl product and regenerating OH
(via removal of a hydrogen atom from the carbonα to the -
OOH) is used to represent attack of OH at the organic group.
The latter channel is invoked because the carbonyl product
(R−H O) is invariably already represented in the mechanism,
such that no further expansion in mechanism size is required.
If the total rate of attack at the organic group (by all possible
pathways) is estimated to exceed the rate of channel (R13a)
by more than an order of magnitude (which is the case for
all the isoprene-derived hydroperoxides), channel (R13b) is
used to represent the entire reaction, with the rate set on the
basis of the total estimated reactivity. Consequently, the reac-
tions of OH with the primary and secondary hydroperoxides
ISOPAOOH, ISOPCOOH and ISOPDOOH are represented
as follows, leading to prompt and quantitative regeneration
of OH:

OH+ISOPAOOH→ HC4ACHO+OH+H2O (R14)

OH+ISOPCOOH→ HC4CCHO+OH+H2O (R15)

OH+ISOPDOOH→ HCOC5+OH+H2O (R16)

The recent study of Paulot et al. (2009a) has reported
strong experimental evidence for prompt, nearly-quantitative
OH regeneration, but occurring as part of OH-catalysed con-
version of the isoprene-derived hydroperoxides to isomeric
epoxydiols. Although yielding different organic products,
Reactions (R14)–(R16) are expected to have a similar (ef-
fectively neutral) impact on OH as the Paulot et al. (2009a)
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mechanism, and this is tested in sensitivity tests described
below (Sect. 3.3).

For tertiary hydroperoxides, it is not possible to use chan-
nel (R13b) to represent the reaction, owing to the absence of
a hydrogen atom on the carbon atomα to the -OOH group.
As a result, the entire reaction for all tertiary hydroperox-
ides in MCM v3.1 is represented by the minor channel type
(R13a), with the rate coefficient set on the basis of the total
estimated reactivity. This is therefore the case for the ma-
jor hydroperoxide, ISOPBOOH, formed in MCM v3.1, for
which the reaction is thus represented as follows, not regen-
erating OH:

OH+ISOBOOH→ ISOBO2+H2O (R17)

This representation is clearly a much greater simplifica-
tion than those applied to the other isoprene-derived hy-
droperoxides above. In addition to not regenerating OH
(in disagreement with the results of Paulot et al., 2009a),
Reaction (R17) artificially increases the lifetime of the
ISOPBO2/ISOPBOOH pair, which are interconverted in
conjunction with HOx destruction. The impact of including
a detailed representation of the degradation of ISOPBOOH,
based on the mechanism of Paulot et al. (2009a), is there-
fore considered further in the sensitivity tests described be-
low (Sect. 3.3).

3 Box model sensitivity tests using MCM v3.1

3.1 Model set-up and base case simulations

For the mechanistic sensitivity experiments, a 0-D box model
using the FACSIMILE kinetics software was applied, as de-
scribed fully in the recent isoprene mechanism intercompar-
ison of Archibald et al. (2009). The model was designed
to simulate a well mixed 1000 m boundary layer, with in-
put parameters representative of tropical regions (Longitude
0.0◦, Latitude 3.3◦ S). Initial mixing ratios of long lived gases
were set to concentrations relevant to the tropics: 1.7 ppm
CH4, 100 ppb CO, 30 ppb O3 and 2 ppb HCHO. The box
received emissions of NO and isoprene, which were main-
tained throughout the model runs. The isoprene emissions
were prescribed to vary with temperature and light inten-
sity (Guenther et al., 1995), with an average emission rate
of 1.6×1012 molecule cm−2 s−1, which is comparable to sur-
face fluxes reported for tropical regions (Wiedinmyer et al.,
2005; Eerdekens et al., 2009). The NO emission rate was
held constant throughout the model runs, using a series
of rates over the range from 5.0×109 molecule cm−2 s−1 to
1.0×1012 molecule cm−2 s−1. Photolysis coefficients were
calculated assuming clear sky conditions, using a parameteri-
zation previously applied with the MCM (Jenkin et al., 1997;
Saunders et al., 2003). Loss of product species via physical
processes (i.e., deposition or transfer to the condensed phase)

was not represented, thereby enabling the results to be inter-
preted directly in terms of the maximum potential impacts of
the considered gas phase chemical mechanistic changes on
HOx radical recycling and formation. In practice, the omis-
sion of such processes has a near-zero effect on most of the
sensitivity tests presented here, because they mainly relate to
the HOx impacts of processes occurring in the first genera-
tion of oxidation, or involving reactions of first-generation
products with short lifetimes with respect to gas phase re-
moval.

In agreement with the results of a number of previous stud-
ies (as discussed in Sect. 1), the mechanism intercomparison
of Archibald et al. (2009) also demonstrated that, at the low-
est levels of NOx and highest levels of isoprene, all the con-
sidered mechanisms (MCM v3.1, CRI v2, MIM-2, GEOS-
CHEM, MOZART v4, UKCA, CBM-05 and STOCHEM)
simulated OH mixing ratios that were considerably smaller
than measurements suggest (e.g., Lelieveld et al., 2008). In
order to maintain the levels of OH consistent with those that
have been observed, Archibald et al. (2009) included an ad-
ditional dummy source of OH that was related to the light-
dependent correction factor for isoprene emissions. In the
present study, runs have specifically been carried out without
this additional source, to examine whether the mechanistic
adjustments described below are able to elevate OH concen-
trations towards levels that are more consistent with those
observed.

Figure 3 shows the results of a series of base case simula-
tions (denoted “Mechanism 0”) performed with the MCM
v3.1 chemistry for a selection of key species or species
groupings. Similarly to Archibald et al. (2009), we mainly
present the arithmetic mean mixing ratios for the species on
the second day of the box model run as a function of aver-
age NOx mixing ratio, which covers the range from 42.3 ppt
to 10.2 ppb. The simulated NOx trends show a qualitative
similarity to those presented for the same species with MCM
v3.1 in Fig. 1 of Archibald et al. (2009) (and discussed in
detail in that paper), but with the impact of not including the
additional dummy source of OH in the present simulations
becoming increasingly apparent towards the low end of the
NOx range. In particular, the mixing ratio for OH simulated
here for the lowest input rate of NOx ([OH] = 6.0×10−3 ppt,
or about 1.5×105 molecule cm−3) is approaching an order
of magnitude lower than that presented by Archibald et
al. (2009), with this leading to correspondingly greater mix-
ing ratios for isoprene, which is controlled mainly by reac-
tion with OH.

In the sections that follow, the impacts of a number of
mechanistic sensitivity tests (summarized in Table 1) are pre-
sented. As indicated above, these tests aim to consider pro-
cesses for which experimental and/or theoretical evidence
has been reported in the peer-reviewed literature.
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Fig. 3. Simulated mixing ratios of OH, HO2, RO2 and isoprene as
a function of NOx mixing ratio, using MCM v3.1 (Mechanism 0)
and the mechanism variants described in Table 1. All values are
daytime averages on the second day of the simulations, calculated
from 06:00 to 18:00 local time in the model.

3.2 Implementation of radical propagating channels for
RO2 + HO2 reactions

As indicated above in Sect. 2, a number of recent labo-
ratory studies have reported that the reactions of selected
oxygenated RO2 radicals with HO2 proceed significantly
by radical-propagating channels. The MCM v3.1 isoprene
chemistry was therefore updated to include such channels for
the relevant classes of RO2 radical for which experimental
evidence exists.

On the basis of the results reported for the reaction of HO2
with the acetyl peroxy radical, CH3C(O)O2 (Hasson et al.,
2004; Jenkin et al., 2007; Dillon and Crowley, 2008), the
reactions of HO2 with all acyl peroxy radicals of generic for-
mula RC(O)O2 were updated to include channel (R18c),

RC(O)O2+HO2 → RC(O)OOH+O2 (R18a)

RC(O)O2+HO2 → RC(O)OH+O3 (R18b)

RC(O)O2+HO2 → RC(O)O+OH+O2 (R18c)

with the branching ratios, based on the recent recommenda-
tion of the IUPAC panel for CH3C(O)O2: k18a /k18 = 0.41;
k18b/k18 = 0.15;k18c/k18 = 0.44 (IUPAC, 2010). The studies

Table 1. Description of main mechanistic sensitivity runs per-
formed (see Sects. 3.2–3.4 and 4).

Mechanism
number

Description

0 MCM v3.1
1 MCM v3.1 with radical propagating channels

incorporated for all acyl peroxy + HO2 andβ-
oxy peroxy + HO2 reactions.

2a MCM v3.1 with updated chemistry incor-
porated for the OH-initiated degradation of
the primary and secondary hydroperoxides
(ISOPAOOH, ISOPCOOH and ISOPDOOH),
based on Paulot et al. (2009a).

2b Mechanism 2a with updated chemistry also
incorporated for the OH-initiated degradation
of the tertiary hydroperoxide (ISOPBOOH),
based on Paulot et al. (2009a).

3a MCM v3.1 with isomerisation reactions (and
associated subsequent chemistry) included for
isoprene-derived peroxy radicals, based on
Peeters et al. (2009).

3b Mechanism 3a with enhanced photolysis rate
for hydroperoxyaldehyde products, based on
Peeters et al. (2009).

3c Mechanism 3b with rates of isomerisation re-
actions for isoprene-derived peroxy radicals re-
duced by a factor of 10.

3d Mechanism 3b with adjusted rate parameters
for isomerisation reactions of the isoprene-
derived peroxy radicals, based on Stavrakou et
al. (2010).

4 A consolidation of the changes outlined above
in Mechanisms 1, 2b and 3b.

4R A reduced representation of Mechanism 4 for
use in CRI v2.

4Ra Mechanism 4R with rates of isomerisation re-
actions for isoprene-derived peroxy radicals re-
duced by a factor of 10.

of Jenkin et al. (2008a) and Dillon and Crowley (2008) have
shown that the reaction of HO2 with the simplestβ-oxo per-
oxy radical, CH3C(O)CH2O2, also has a minor radical prop-
agating channel. The reactions of HO2 with all β-oxo peroxy
radicals of generic formula RC(O)C(R′R′′)O2 were therefore
also updated to include channel (R19b),

RC(O)C(R′R′′)O2+HO2 → (R19a)

RC(O)C(R′R′′)OOH+O2

RC(O)C(R′R′′)O2+HO2 → (R19b)

RC(O)C(R′R′′)O+OH+O2

with the branching ratios based on the recent recom-
mendation of the IUPAC panel for CH3C(O)CH2O2:
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Fig. 4. Changes in mixing ratios of OH, HO2 and RO2, and the
HO2/OH ratio, for each mechanistic variant relative to MCM v3.1
(Mechanism 0). Continuous changes as a function of the simulated
NOx level obtained by interpolation of the data shown in Fig. 3.

k19a/k19 = 0.85;k19b/k19 = 0.15 (IUPAC, 2010). These com-
bined changes resulted in no new species being formed rela-
tive to the base case mechanism and only an increase of 15 in
the number of reactions. The resultant mechanism is denoted
Mechanism 1 (see Table 1).

The impact of using Mechanism 1, compared with the base
MCM v3.1 (Mechanism 0), is shown in Figs. 3 and 4. The
changes logically result in generally increased mixing ratios
of OH, HO2 and RO2, but the effect is small. The simu-
lated increases in OH mixing ratios are about 2% at the high
end of the NOx range (about 10 ppb NOx), and consistently
about 5–7% over the sub-ppb NOx range. This is consis-
tent with the results of a similar sensitivity test performed by
Pugh et al. (2010a) for the conditions of the OP3 campaign
in Malaysian Borneo, which resulted in a 4% increase in the
peak mixing ratio of OH. The increases in HO2 mixing ra-
tios are about 2–3% over the entire NOx range, with those
in RO2 gradually increasing with decreasing NOx, over the
approximate range 2–7% (see Fig. 4).

3.3 Implementation of updated chemistry for
first-generation hydroperoxides

As described above in Sect. 2, the OH-initiated degradation
of all the hydroperoxide products formed from isoprene in
the first generation of degradation is simplified in MCM v3.1,
in accordance with protocol rules which were designed to
maintain a manageable representation of the intermediates in
the degradation of the parent VOCs. Whereas the simpli-
fications applied to the primary and secondary hydroperox-
ides quantitatively regenerate OH, and are probably a rea-
sonable compromise for those formed in the isoprene system
(ISOPAOOH, ISOPCOOH and ISOPDOOH), the simplifica-
tion for tertiary hydroperoxides is much more severe and may
have implications for the representation of the degradation of
the major isoprene-derived hydroperoxide, ISOPBOOH.
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Fig. 5. Schematic representation of the revised OH initiated
degradation chemistry of the isoprene-derived hydroperoxides and
epoxydiols in Mechanisms 2a and 2b. The chemistry is based
on the mechanism of Paulot et al. (2009a), involving initial
OH catalysed conversion into epoxydiols (IEPOXA, IEPOXB and
IEPOXC). The main features of the further degradation are shown
for the major isomer, IEPOXB. Initiation rate coefficients in units
10−12cm3 molecule−1 s−1. Propagating channels for the reactions
of HO2 with theβ-oxo peroxy radicals in this mechanistic extension
were only represented in the consolidated Mechanism 4.

The degradation of all the hydroperoxides was updated
on the basis of the mechanism of Paulot et al. (2009a),
with the major features of the chemistry shown schemati-
cally in Fig. 5. The results of Paulot et al. (2009a) sug-
gest that the reactions of OH with the hydroperoxides lead
predominantly (90%) to the formation of isomeric epoxydi-
ols, with associated regeneration of OH. In the present sen-
sitivity tests, it is assumed that the reactions proceed exclu-
sively to form the epoxydiols, so the upper limit impact of
the mechanism is being assessed. Subsequent explicit degra-
dation chemistry of the epoxydiol isomers was developed on
the basis of experimental information provided by Paulot et
al. (2009a) for the closely related species, cis-2,3-epoxy-1,4-
butanediol, supplemented where necessary by the structure-
reactivity method of Kwok and Atkinson (1995), and other
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methods as defined in the MCM protocol (Saunders et al.,
2003), to estimate rate coefficients and branching ratios. The
updated chemistry resulted in an increase of 21 species and
59 reactions relative to the base case mechanism. The re-
sultant mechanism was implemented in two stages, denoted
Mechanisms 2a and 2b (see Table 1).

In Mechanism 2a, the chemistry was updated only for the
primary and secondary hydroperoxides, ISOPAOOH, ISOP-
COOH and ISOPDOOH. As shown in Figs. 3 and 4, the
implementation of Mechanism 2a, compared with the base
MCM v3.1 (Mechanism 0), has a nearly zero impact on the
simulated mixing ratios of OH, consistent with the primary
feature being the substitution of one set of OH-neutral re-
actions with another. However, the secondary impact of the
changes to the subsequent degradation mechanism results in
small reductions (about 1–3%) in the mixing ratios of HO2
and RO2 over the sub-ppb NOx range.

In Mechanism 2b, the chemistry was also updated for the
tertiary hydroperoxide, ISOPBOOH. As shown in Figs. 3 and
4, this results in a more notable impact, with increases in the
simulated mixing ratios of OH across most of the considered
NOx range. The maximum increase is about 16%, in the mid-
dle of the NOx range, falling to about 8% at the lowest NOx
considered. The unusual NOx dependence reflects that the
impact is due to the removal of the HOx destruction cycle as-
sociated with the representation of ISOPBOOH chemistry in
Mechanism 0, which is most efficient when its chain length
is greatest. This is determined by a combination of the frac-
tion of OH which reacts with ISOPBOOH, and the fraction of
ISOPBO2 which reacts with HO2 under the prevailing con-
ditions, which maximises in the centre of the range owing
to sufficient suppression of isoprene levels under conditions
when ISOPBOOH is still a significant product. The simu-
lated mixing ratios of HO2 are similar to those obtained with
Mechanism 2a, but the simulated RO2 levels are further re-
duced (by up to about 6% relative to Mechanism 0) over the
entire NOx range (see Fig. 4).

The results presented here therefore indicate that imple-
mentation of the mechanism reported by Paulot et al. (2009a)
has a potentially notable impact on simulated OH recy-
cling, but only if the chemistry it is replacing does not
already regenerate OH (as is partially the case in MCM
v3.1). Given that ISOPBOOH accounts for about 65% of
the first-generation isoprene-derived hydroperoxide popula-
tion in MCM v3.1 (see Fig. 2), it is reasonable to infer
from the present results that implementation of the Paulot
et al. (2009a) chemistry can potentially increase simulated
OH mixing ratios by up to about 25% (depending on NOx)
if it is replacing a representation of hydroperoxide chemistry
with zero OH regeneration. Alternatively, if the existing hy-
droperoxide chemistry is already fully OH-neutral, as is the
case in some mechanisms (e.g., CRI v2, as discussed further
below in Sect. 4), implementation of the Paulot et al. (2009a)
chemistry would likely have a near-zero effect on simulated
OH, as the system appears to be much less sensitive to the

details of the subsequent product degradation. However, it
is noted that the main and highly significant advance of the
Paulot et al. (2009a) study was identification of the forma-
tion the epoxydiol co-products and their potential role in sec-
ondary organic aerosol (SOA) formation, which is clearly
much more sensitive to the classes of product formed in con-
junction with OH-neutrality.

3.4 Implementation of isomerisation reactions for RO2

As levels of NOx decrease, the removal of the isoprene-
derived RO2 radicals in MCM v3.1 becomes increasingly
controlled by their reactions with HO2 (e.g., Reaction R11),
or by parameterized permutation reactions with the pool of
available organic peroxy radicals (e.g., Reaction R10). The
rate coefficients applied to these reactions have either been
measured directly in kinetics studies, or inferred from those
measured for reactions of RO2 radicals possessing close
structural similarities (e.g., Jenkin et al., 1998), and the resul-
tant assembly of reactions has been found to give a generally
good description of product yields measured in the laboratory
for the OH-initiated oxidation of isoprene in the absence of
NOx (e.g., Ruppert et al., 2000). It is recognised, however,
that the conditions traditionally applied in laboratory stud-
ies are necessarily characterised by concentrations of peroxy
radicals which are many orders of magnitude higher than
those in the atmosphere, to facilitate reliable quantification
of products yields. As a result, the rates of bimolecular sec-
ond order reactions, such as Reactions (R10) and (R11), are
elevated relative to those of any first order processes which
might be occurring, such that the product distribution can po-
tentially be unrepresentative of the atmosphere if such first
order processes exist. In this respect, Perrin et al. (1998)
and Jorand et al. (2003) have reported experimental evidence
for the occurrence of 1,6 H atom shift isomerisations ofδ-
hydroxy peroxy radicals formed during the oxidation of pen-
tane and hexane, leading to the formation of hydroperoxy-
carbonyl products, e.g. in the pentane system:

HOCH2[CH2]2CH(OO)CH3 → (R20)

HOCH[CH2]2CH(OOH)CH3

HOCH[CH2]2CH(OOH)CH3+O2 → (R21)

HC(O)[CH2]2CH(OOH)CH3+HO2

On the basis of extrapolation of higher temperature
data, they reported isomerisation rates of about 0.03 s−1

and 0.6 s−1 for the respective shifts of H atoms from a
-CH2OH group and a -CH(OH)- group at 298 K. Should
similar rates also be applicable to the isoprene-derivedδ-
hydroperoxyalkenyl radicals, ISOPAO2 and ISOPCO2, the
reactions would potentially be competitive with those likely
for their reactions with HO2 or the peroxy radical pool. For
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example, in the presence of 50 ppt of HO2, the loss coef-
ficient for each of the isoprene-derived peroxy radicals via
reaction with HO2 in MCM v3.1 is about 0.02 s−1.

The possible isomerisation of isoprene-derived peroxy
radicals possessing bothδ-hydroxy and β-hydroxy sub-
stituents has recently been addressed as part of the theoreti-
cal study of Peeters et al. (2009), who used a combination of
DFT and ab initio methods to elucidate potential pathways
in the isoprene OH initiated degradation that may be impor-
tant for the issue of recycling HOx. Several of the potentially
significant outcomes of their study have therefore been in-
corporated (Mechanisms 3a and 3b). The schematic in Fig. 6
summarises the major changes which have been made to the
base mechanism, to allow a full appraisal of the impact of
the RO2 isomerisation chemistry, based on the parameters
reported by Peeters et al. (2009). These include a number of
important features, which are now summarised:

(i) a rigorous representation of the cis- and trans- isomers
of theδ-hydroxyalkenyl peroxy radicals, to reflect that only
the cis- isomers can potentially undergo isomerisations anal-
ogous to Reaction (R20);

(ii) a rigorous representation of the reversibility of O2 ad-
dition to the “allyl-type” OH-isoprene adducts, which was
calculated to be significant by Peeters et al. (2009). This
allows redistribution of subsets of the peroxy radical popu-
lation between the various isomers under atmospheric condi-
tions, i.e., when their lifetimes with respect to onward reac-
tion (with NO, HO2 and RO2) are comparable with, or longer
than, those with respect to back decomposition;

(iii) inclusion of 1,6 H atom shift isomerisation re-
actions for each of the (newly-defined) cis- isomers of
the δ-hydroxyalkenyl peroxy radicals, CISOPAO2 and
CISOPCO2, at respective rates of 1 s−1 and 8 s−1 (based on
the reported lower limits); followed by reaction with O2 to
yield HO2 and a hydroperoxyaldehyde product. Peeters et
al. (2009) thus calculate that these reactions are likely to be
the dominant onward fates of these radicals, even at ppb lev-
els of NO;

(iv) inclusion of 1,5 H atom shift isomerisation reac-
tions for theβ-hydroxyalkenyl peroxy radicals, ISOPBO2
and ISOPDO2 at respective rates of 4×10−3 s−1 and
1.1×10−2 s−1 (based on the reported lower limits); followed
by a concerted decomposition to yield OH, HCHO and ei-
ther MVK or MACR. Peeters et al. (2009) thus calculate
that these reactions provide a partial competition to Reac-
tions (R10) and (R11) for these radicals at low NOx.

With the exception of the hydroperoxyaldehyde prod-
ucts HPC41CHO (4-hydroperoxy-2-methyl-cis-but-2-enal)
and HPC42CHO (4-hydroperoxy-3-methyl-cis-but-2-enal),
no new first generation products are generated from the
above mechanistic changes. The further degradation of these
compounds was defined using the MCM protocol (Jenkin
et al., 1997; Saunders et al., 2003), but without imposing
the simplifications usually applied to species possessing hy-
droperoxide groups. The main features of the chemistry are
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Fig. 6. Schematic representation of the OH initiated degradation
of isoprene to first generation products in Mechanisms 3a and 3b.
With the exception of the initial OH addition ratio, the mecha-
nism and parameters are taken from the theoretical study of Peeters
et al. (2009), and facilitate a full appraisal of the impact of the
RO2 isomerisation chemistry on HOx recycling. ki = 1.5×10−12

cm3 molecule−1 s−1; kii = 3.0×10−13 cm3 molecule−1 s−1;
kiii = 1.4×10−12 cm3 molecule−1 s−1; kiv = 1.0×10−12 cm3

molecule−1 s−1. The initial OH addition ratio is unchanged from
MCM v3.1 (see Sect. 2 and Fig. 1), but is very close to that calcu-
lated by Peeters et al. (2009).

shown schematically in Fig. 7 for HPC42CHO, with analo-
gous pathways implemented for HPC41CHO. The complete
updated chemistry in Mechanisms 3a and 3b resulted in an
overall increase of 35 species and 132 reactions relative to
the base case mechanism.

The further degradation of HPC41CHO and HPC42CHO
in the initial update (Mechanism 3a) is dominated by removal
initiated by reaction with OH. Although removal by photol-
ysis is also represented, this makes only a minor contribu-
tion, based on the generic parameters applied to the pho-
tolysis of the hydroperoxide andα, β-unsaturated aldehyde
(methacrolein-like) groups, which assume the chromophores
are independent. However, Peeters et al. (2009) also pointed
out that the combination of the relatively strongly-absorbing
unsaturated aldehyde chromophore, and the weak O-O bond
in the hydroperoxide group, provides the possibility of pho-
tolysis with a unity quantum yield, i.e., some two orders
of magnitude greater than reported for methacrolein (e.g.,
Raber and Moortgat, 1996; Gierczac et al., 1997; Pinho et
al., 2005), leading to the formation of OH as follows:
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Figure 7. Schematic representation of the degradation of the HPC42CHO as initiated by 2 
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Fig. 7. Schematic representation of the degradation of the
HPC42CHO as initiated by reaction with OH in Mechanisms 3a–
3d, and as initiated by photolysis in Mechanisms 3b–3d (see text).
The boxed chemistry is unchanged from MCM v3.1, although it
is noted that Peeters et al. (2009) suggest additional HOx forma-
tion may occur following isomerisation of HC4ACO3. For clarity,
only the main propagating routes are shown, but competing reac-
tions for peroxy radicals were fully represented in the mechanisms.
Propagating channels for the reactions of HO2 with the acyl peroxy
radicals in this mechanistic extension were only represented in the
consolidated Mechanism 4.

HPC41CHO+hυ (R22)

→ HC(O)C(CH3) = CHCH2O+OH

HPC42CHO+hυ (R23)

→ HC(O)CH= C(CH3)CH2O+OH

The impact of representing these reactions with ap-
propriately elevated photolysis rates (daylight average
J22 =J23≈5×10−4 s−1) was therefore also considered
(Mechanism 3b). Photolysis at this rate would generally
represent the dominant loss process for the hydroperoxy-
methyl-butenal isomers.

The impact of using Mechanisms 3a and 3b, relative to
the base MCM v3.1 (Mechanism 0) is shown in Figs. 3 and
4. Implementation of the isomerisation reactions without an
elevated photolysis rate for HPC41CHO and HPC42CHO
(Mechanism 3a) has a notable impact on the levels of OH,
HO2 and RO2, with the effect becoming progressively larger
as the NOx level decreases. The respective mixing ratios of
OH and HO2 were simulated to increase by about 13% and
50% at the low end of the NOx range, with that of RO2 simu-
lated to decrease by about 40% (see Fig. 4). The changes for
HO2 and RO2 mainly reflect the enhanced conversion of the
latter to the former via the 1,6 H-shift isomerisation chem-
istry for the cis-δ-hydroxyalkenyl peroxy radicals, whereas
the increase in OH is mainly a result of its direct formation
from the implementation of the 1,5 H atom shift isomerisa-
tion reactions for theβ-hydroxyalkenyl peroxy radicals. An-
other feature, apparent in Fig. 3, is that the implementation of
the chemistry in Mechanism 3a leads to slight increases in the
simulated mixing ratios of NOx for the given NOx input rates
towards the low end of the range. The NOx increases are
mainly due to a further reduced ability of the newly imple-
mented chemistry to form oxidised organic nitrogen species
(in particular isoprene nitrates via Reaction R7b), owing to
the direct competition of the RO2 isomerisation reactions as
implemented in Mechanism 3a. Indeed, reductions in first-
generation isoprene nitrate formation were simulated across
the entire NOx range, with these reductions ranging from
about a factor of 2 towards the high end of the considered
NOx range, to about a factor of 6 at the low end of the
range. It is noted that phenomenological reductions of this
type could potentially help to reconcile laboratory determina-
tions of isoprene nitrate yields, which are typically reported
to be about 7–12% (see discussion in Sect. 2) with the lower
values of about 4%, which have been obtained through opti-
mising this aspect of a conventional mechanism on the basis
of field observations (e.g., Horowitz et al., 2007), although
it is recognised that such conclusions are also influenced by
assumptions regarding the fate and lifetime of the nitrates
(Perring et al., 2009) .

As shown in Figs. 3 and 4, implementation of the en-
hanced photolysis of HPC41CHO and HPC42CHO via Re-
action (R22), in conjunction with their formation via the 1,6
H-shift isomerisation reactions of the cis-δ-hydroxyalkenyl
peroxy radicals (Mechanism 3b), leads to a much increased
impact on HOx radical levels, in particular on those of OH.
The impact on both OH and HO2 mixing ratios progres-
sively increases with decreasing NOx, up to respective in-
creases of about 230% and 65% at the low end of the NOx
range, relative to Mechanism 0 (see Fig. 4). This result
further illustrates that mechanistic changes which are re-
quired to yield the enhancements in OH levels which ap-
proach those which have been inferred from field observa-
tions require not only recycling of HOx, but also signifi-
cant net formation of OH via processes which are effectively
chain branching; in this case through the combination of the
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propagating isomerisation reactions with the radical-forming
photolysis Reactions (R22) and (R23). This essentially al-
lows values ofn>1 in the parameterisations of Butler et
al. (2008) and Kubisitin et al. (2008) to be achieved via an
explicit mechanism. The increases in OH concentration of up
to about 200% are also in good quantitative agreement with
those inferred by Lelieveld et al. (2008) as required to close
the model-measurement discrepancy gap, using the traceable
MIM2 mechanism.

Although these results demonstrate that the Peeters et
al. (2009) mechanism has obvious potential for addressing
the atmospheric OH recycling issue, experimental verifi-
cation of the mechanism framework and parameters is re-
quired. As indicated above, some indirect experimental sup-
port for the 1,6 H-shift isomerisation reactions of the cis-
δ-hydroxyalkenyl peroxy radicals comes from the reported
observation of the analogous process forδ-hydroxy per-
oxy radicals formed during alkane oxidation (Perrin et al.,
1998; Jorand et al., 2003). In addition to this, evidence
for the formation of the hydroperoxy-methyl-butenal isomers
(HPC41CHO and HPC42CHO) in low yield (<10%) has re-
cently been reported by Paulot et al. (2009a), during black-
light photolysis of H2O2/isoprene/air mixtures in the Caltech
environmental chamber. The slow-photolysis conditions of
their studies yielded relatively low concentrations of radicals
(compared with many previous product studies), apparently
allowing the unimolecular peroxy radical isomerisation re-
actions to compete to some extent with the expected dom-
inant reactions with HO2. Scoping simulations were there-
fore carried out to investigate the extent to which the Peeters
et al. (2009) mechanism can be reconciled with the obser-
vations of Paulot et al. (2009a). As shown in Fig. 8, a ref-
erence simulation using Mechanism 2b (as described in the
previous section) allows a good description of the observa-
tions reported by Paulot et al. (2009a), but with a slight over-
estimation of the mixing ratios of the isoprene-derived hy-
droperoxides and the subsequently-formed epoxydiols. Im-
plementation of the RO2 isomerisation reaction framework
according to Peeters et al. (2009), using Mechanism 3a,
confirms that RO2 isomerisations are predicted to be com-
petitive at the assigned rates, and results in major forma-
tion of the hydroperoxy-methyl-butenals (HPC41CHO and
HPC42CHO) and suppression of hydroperoxide and epoxy-
diol mixing ratios to slightly below the observations of Paulot
et al. (2009a). The simulated formation of the hydroperoxy-
methyl-butenals using Mechanism 3a is clearly much greater
than the<10% yield reported by Paulot et al. (2009a). How-
ever, additional implementation of their rapid photolysis in
Mechanism 3b (as postulated by Peeters et al., 2009) re-
sults in substantial suppression of their collective mixing ra-
tio, such that they are only predicted to be present at com-
parable levels to the hydroperoxides in the early stages of
the experiment (see Fig. 8). Noting that the Mechanism 3b
simulation results in a similar suppression of the hydroper-
oxide and epoxydiol mixing ratios to Mechanism 3a, a fur-
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Fig. 8. Mechanism 3 scoping simulations for conditions repre-
sentative of the H2O2-isoprene-air blacklight photolysis experi-
ment reported in Fig. 1 of Paulot et al. (2009a), using Mecha-
nism 2b as a reference (and with the associated epoxydiol forma-
tion also included in the Mechanism 3 variants). Isoprene mix-
ing ratios (ppb) on right-hand axes; other species (ppb) on left-
hand axes. Thin lines in Mechanism 2b panel show the influence
of replacing parameterised RO2 permutation reactions by an ex-
plicit representation, based on Jenkin et al. (1998). Initial condi-
tions: 1.66 ppm H2O2 and 90 ppb isoprene. Calculations assumed
a representative blacklight spectrum emitting over the range 330–
400 nm (λmax≈355 nm). Intensity scaled to achieve a factor of
3 reduction in isoprene mixing ratio after 4 hours. Absorption
cross sections and quantum yields for H2O2 taken from Atkinson
et al. (2004); absorption cross sections for methacrolein taken from
Atkinson et al. (2006), with a quantum yield of 0.0036, as optimised
by Pinho et al. (2005). Parameters for the hydroperoxy-methyl-
butenals (HPC41CHO and HPC42CHO) based on methacrolein in
Mechanism 3a, and on the methacrolein absorption cross sections
in conjunction with a unity quantum yield in Mechanisms 3b, 3c
and 3d. The effect of intermediate quantum yields on the simulated
hydroperoxy-methyl-butenal profile is also shown for the transition
from Mechanism 3a to 3b. Observed hydroperoxide mixing ratio
after 3 h photolysis≈18 ppb (Paulot et al., 2009a). Respective sim-
ulated hydroperoxide mixing ratios after 3 h photolysis are 23, 13,
12, 22 and 7 ppb with Mechanisms 2b, 3a, 3b, 3c and 3d.

ther simulation was carried out in which the rates of the
isomerisation reactions for the cis-δ-hydroxyalkenyl andβ-
hydroxyalkenyl peroxy radicals were all decreased by an or-
der of magnitude (denoted Mechanism 3c). In this respect, it
is noted that da Silva et al. (2010) have recently reported 1,5
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H atom shift isomerisation rates for the isoprene-derivedβ-
hydroxyalkenyl peroxy radicals, calculated using DFT meth-
ods, which are about an order of magnitude lower than those
reported by Peeters et al. (2009); although the isomerisation
reactions of theδ-hydroxyalkenyl peroxy isomers were not
considered in their study. As shown in Fig. 8, a simulation
using the reduced rates in Mechanism 3c logically results
in further suppression of the hydroperoxy-methyl-butenals,
and an increase in the formation of the hydroperoxides and
epoxydiols back to a similar level as simulated with Mecha-
nism 2b. It appears, therefore, that the hydroperoxy-methyl-
butenal observations reported by Paulot et al. (2009a) can
probably support the operation of the Peeters et al. (2009)
mechanism with these reduced RO2 isomerisation rates, and
that rates intermediate to those applied in Mechanism 3b and
3c would possibly provide the best simulation of hydroper-
oxide and epoxydiol formation.

As shown in Figs. 3 and 4, Mechanism 3c was also used to
simulate the range of atmospheric reference scenarios. The
order of magnitude reduction in the RO2 isomerisation rates
logically reduces the enhancement in simulated radical lev-
els compared with Mechanism 3b, although the effect of the
added chemistry is still notable. The impact on both OH and
HO2 mixing ratios once again progressively increases with
decreasing NOx, up to respective increases of about 100%
and 30% at the low end of the NOx range, relative to Mech-
anism 0 (see Fig. 4).

The mechanistic changes considered here also poten-
tially have an impact on the simulated levels and distri-
bution of well-established products of isoprene oxidation,
for which characteristic ranges for atmospheric ratios are
reasonably well-defined. Fig. 9 illustrates the impacts of
the mechanistic changes on selected species ratios, namely
MVK/MACR, glyoxal/methyl glyoxal, and the ratio of per-
oxy acetyl nitrate to peroxy methacrolyl nitrate, PAN/MPAN.
In isoprene-dominated environments, these ratios have typi-
cally been reported to lie in the approximate ranges 0.8–2 for
MVK/MACR (e.g., Spaulding et al., 2003; Kuhn et al., 2007;
Karl et al., 2009), 4–10 for PAN/MPAN (e.g., Williams et
al., 1997; Roberts et al., 2002, 2007), and 0.2–0.7 for gly-
oxal/methyl glyoxal (e.g., Lee et al., 1995, 1998; Spauld-
ing et al., 2003). As shown in Fig. 9, Mechansims 0 and
1, and the Mechanism 2 variants, generate ratios which are
generally consistent with the reported ranges. However, im-
plementation of the peroxy radical isomerisation chemistry
postulated by Peeters et al. (2009) in Mechanisms 3a and 3b
tends to increase the MVK/MACR ratios and PAN/MPAN
ratios to uncharateristic values, particularly towards the high
end of the considered NOx range. This observation is in
agreement with the appraisal of Karl et al. (2009), who
have previously demonstrated the impact of the Peeters et
al. (2009) chemistry on MVK/MACR in relation to their ob-
servations at NO levels of about 100–300 ppt in the AMAZE
campaign (which correspond to a daylight average NOx level
of about 2 ppb in our calculations). As also discussed in de-
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Fig. 9. Simulated product ratios for selected products of isoprene
oxidation as a function of NOx mixing ratio, using MCM v3.1
(Mechanism 0) and the mechanism variants described in Table 1.
All values are daytime averages over the second day of the sim-
ulations, calculated from 06:00 to 18:00 local time in the model.
Results for Mechanism 1 and Mechanism 2a (where not shown) are
indistinguishable from Mechanism 0.

tail by Karl et al. (2009), the simulated product ratios are
potentially sensitive to variation of many of the parameters
within the mechanism postulated by Peeters et al. (2009),
emphasising that there is potentially scope for reconciling the
reaction framework with observational discrepancies through
parameter refinement and optimisation.

This has been considered very recently by Peeters and
co-workers (Stavrakou et al., 2010), who have suggested
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the use of RO2 isomerisation rate coefficients based on the
geometric means of those reported previously by Peeters
et al. (2009) for the pairs of cis-δ-hydroxyalkenyl andβ-
hydroxyalkenyl peroxy radicals, to address the MVK/MACR
over-simulation issue. Specificially, they recommended ap-
plying a geometric mean of the previous rate coefficients
(i.e. about 3 s−1) for each of the cis-δ-hydroxyalkenyl per-
oxy radicals (CISOPAO2 and CISOPCO2), and five times the
geometric mean of the previous rate coefficients (i.e. about
0.3 s−1) for each of theβ-hydroxyalkenyl peroxy radicals
(ISOPBO2 and ISOPDO2). These adjustments were there-
fore also considered in the present work (denoted Mechanism
3d), with the changes being made as a refinement to Mecha-
nism 3b (i.e. with rapid hydroperoxy-methyl-butenal photol-
ysis maintained). As shown in Fig. 9, the changes do have the
effect of reducing MVK/MACR at the high end of the NOx
range to values that are more comparable with the Mecha-
nism 0 simulation. They also result in a reduction in the
simulated PAN/MPAN ratios towards the observed range, al-
though the values are still elevated (see Fig. 9). Although the
formation of MACR relative to MVK is more consistent with
observations as a result of the parameter changes in Mech-
anism 3d, the general suppression in the collective forma-
tion of MACR and MVK resulting from the operation of the
competingδ-hydroxyalkenyl RO2 isomerisation reactions re-
mains, and this leads to a residual inhibition of MPAN forma-
tion compared with the base Mechanism 0. Noting that the
use of generally reduced isomerisation rates in Mechanism
3c also logically has a lowering effect on the PAN/MPAN ra-
tio (see Fig. 9), it is probable that the use of isomerisation
rate coefficients based on the geometric means, in conjunc-
tion with a general reduction in their rates, can be reconciled
with the range of atmospheric observations.

As shown in Figs. 3 and 4, the implementation of the pa-
rameter adjustments in Mechanism 3d leads to comparable
impacts on the HOx radical levels as Mechanism 3b, but with
some additional increase resulting primarily from the scal-
ing up of the isomerisation rates for theβ-hydroxyalkenyl
RO2 radicals. This leads to maximum enhancements in
OH and HO2 of about 260% and 70% at the low end of
the NOx range, relative to Mechanism 0 (see Fig. 4). It
is noted, however, that the additional increase in theβ-
hydroxyalkenyl RO2 isomerisation rates recommended by
Stavrakou et al. (2010) further worsens the agreement with
the values calculated recently by da Silva et al. (2010), as
commented on above. Stavrakou et al. (2010) justify the in-
crease in terms of it being an optimisation to the yields of
MVK and MACR reported in the chamber study of Paulot
et al. (2009a), which were attributed to formation from the
same isomerisation reactions. However, it is noted that the
present simulations of the Paulot et al. (2009a) experiments
(Fig. 8) are consistent with substantial formation of MVK
and MACR resulting from the peroxy radical permutation re-
actions (e.g., via reaction sequence R8 and R10a), with these
being the only sources of MVK and MACR in the Mecha-

nism 2b simulation. Their importance was also confirmed
by replacing the MCM parameterised representation of the
peroxy radical permutation reactions by the explicit chem-
istry reported in the kinetics study of Jenkin et al. (1998),
which gave an almost identical result (see Fig. 8, Mechanism
2b panel). As also shown in Fig. 8, implementation of the
Stavrakou et al. (2010) refinements in Mechnanism 3d tends
to increase MVK and MACR formation at the expense of
hydroperoxide formation, and apparently worsens the agree-
ment with the observations of Paulot et al. (2009a). In view
of this, it appears that the elevation of theβ-hydroxyalkenyl
RO2 isomerisation rate coefficients to the extent suggested by
Stavrakou et al. (2010) cannot be fully justified on the basis
of the Paulot et al. (2009a) data.

Finally, it is noted that the formation and rapid photoly-
sis of the hydroperoxy-methyl-butenal isomers (HPC41CHO
and HPC42CHO) predicted by the Peeters et al. (2009)
mechanism provides routes to comparatively prompt forma-
tion of second-generation products of isoprene oxidation,
on a timescale of about 30 min. As shown in Fig. 7, this
potentially leads to the rapid generation of products such
as hydroxyacetone (from HPC42CHO) and glycolaldehyde
(from HPC41CHO), which are traditionally considered to
be delayed products of isoprene oxidation. It is noted that
such routes could help to address model measurement dis-
crepancies in some studies, such as the underprediction of
prompt hydroxacetone formation reported for the AMAZE
campaign by Karl et al. (2009). However, it is also noted
that Dibble (2004a, b) has proposed routes to formation of
glycolaldehyde and hydroxyacetone as minor first genera-
tion products, involving initial isomerisation of ISOPAO and
ISOPCO, which could also help account for such observa-
tions.

The results presented here suggest that the chemical mech-
anism framework postulated by Peeters et al. (2009) provides
a basis for representing substantial OH recycling/formation
under tropospheric conditions, whilst also potentially helping
to improve the simulation of certain other aspects of isoprene
degradation chemistry in relation to reported field observa-
tions (i.e., suppression of first-generation isoprene nitrate for-
mation and increased prompt production of hydroxyacetone).
However, it is also clear that the mechanism with the reported
parameters (as represented here by Mechanism 3b) cannot
be fully reconciled with some other atmospheric observa-
tions (e.g., the characteristic ranges observed for the ratios
MVK/MACR and PAN/MPAN), or with existing laboratory
data (e.g., the chamber results of Paulot et al., 2009a) without
some degree of parameter refinement and optimisation. The
sensitivity tests presented above suggest that this would prob-
ably require some reduction and level of equalisation in the
rate coefficients applied to the 1,6 H atom shift isomerisation
reactions of the cis-δ-hydroxyalkenyl peroxy radicals, which
would be accompanied by a decreased (but still significant)
impact on HOx levels. In view of this, it is clearly desirable
that all aspects of the mechanism framework postulated by
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Peeters et al. (2009) are evaluated by appropriately designed
laboratory studies (i.e., under conditions of low NOx and low
RO2 and HO2 concentrations which have generally not been
fully accessed in previous studies), including confirmation
of the rapid photolysis of the hydroperoxy-methyl-butenal
products, and the resultant formation of OH.

3.5 Combined impact of major changes

A further set of runs was carried out with a mechanism
in which the major mechanistic changes described above
in Mechanisms 1, 2b and 3b were combined (Mechanism
4). The aim here was to assess the maximum possible en-
hancement in HOx levels which would result from the pro-
posed mechanistic changes and to see if the effects are muti-
plicative. This procedure included the incorporation of rad-
ical propagating channels for the reactions of HO2 with all
newly-defined acyl peroxy andβ-oxo peroxy radicals gen-
erated in Mechanisms 2b and 3b. The combined updated
chemistry in Mechanism 4 resulted in an overall increase of
56 species and 200 reactions relative to the base case mech-
anism.

The impact of using Mechanism 4, relative to the base
MCM v3.1 (Mechanism 0) is shown in Figs. 3, 4 and 9.
The simulated effect on species mixing ratios is logically
dominated by the implementation of the RO2 isomerisation
chemistry and associated rapid photolysis of HPC41CHO
and HPC42CHO in Mechanism 3b, leading to respective in-
creases of about 290%, 120% and 40% simulated for OH,
HO2 and RO2, relative to Mechanism 0, at the low end of the
NOx range (see Fig. 4). Although the combined influence
of the changes on OH radical levels is approximately multi-
plicative across the NOx range, the effect on HO2 radical lev-
els is more than multiplicative, with an additional enhance-
ment factor increasing from about 1.1 at 1 ppb NOx to about
1.35 at the low end of the NOx range. This is interpreted
in terms of the impact of the implementation of the radi-
cal propagating channels for the reactions of HO2 with the
newly-defined acyl peroxy RO2 radicals generated in Mech-
anism 3b, and to a lesser extent the newly-definedβ-oxo RO2
radicals generated in Mechanism 2b. As shown in Figs. 5 and
7, these reactions for the specific multifunctional RO2 radical
structures formed tend to lead to prompt generation of HO2
from the RO product (rather than formation of a further RO2
radical, as in the case of CH3C(O)O2 for example) such that
the reaction channels are HO2-neutral.

Although the mechanistic changes implemented here al-
low substantial increases in OH recycling and formation, it is
noted that the simulated HO2/OH ratios towards the low end
of the NOx range with all the considered mechanstic variants
are consistently greater than those observed. In the base case
MCM v3.1 simulation (Mechanism 0), the level of overes-
timation (about a factor of 4–6) is comparable with that re-
ported previously by Kubisitin et al. (2008) using the same
mechanism. With the exception of partial implementation of

the chemistry proposed by Peeters et al. (2009) (Mechanism
3a), the suite of mechanistic changes considered here all de-
crease the HO2/OH ratio under almost all considered condi-
tions because the enhancements in simulated OH concentra-
tion are greater than those for HO2 (see Fig. 4), and therefore
lead to some improvement in relation to the observed ratios.
A number of studies have shown that simulations with a va-
riety of atmospheric chemical mechanisms invariably tend
to overestimate measured HO2/OH ratios at low NOx, com-
pared with observations (e.g., Chen et al., 2009 and refer-
ences therein), and it appears that the discrepancy is not spe-
cific to isoprene-dominated environments. It potentially has
contributions from issues related to both measurements and
chemical mechanisms, which clearly require further investi-
gation. The former may include impacts related to data av-
eraging of a non-linear ratio, if there are fluctuations in NOx
level (i.e., dynamical effects); and to imprecision in the mea-
surement of the NOx species (particularly NO), if measure-
ments are close to instrumental detection limits. Chemical
mechanism issues may relate to incomplete understanding
and representation of the gas phase pathways, or to a general
lack of representation of a loss process for HO2 in all studies
(e.g., aerosol uptake), which potentially becomes more im-
portant at low NOx when the lifetime of HO2 with respect to
gas phase loss increases.

4 Global model studies

To facilitate investigation of the impact of the mechanis-
tic changes represented in the combined Mechanism 4 in
chemistry-transport models, a substantially reduced repre-
sentation was developed for use with version 2 of the Com-
mon Representative Intermediates mechanism (CRI v2) and
its reduced variants. As described by Jenkin et al. (2008b),
CRI v2 is a lumped chemistry mechanism of intermediate
complexity, the performance of which is traceable to MCM
v3.1. The isoprene mechanism represents a substantial re-
duction over that in MCMv3.1, represented by 28 species
and 95 reactions. It has recently been evaluated in the iso-
prene mechanism intercomparison of Archibald et al. (2009)
and its performance was found to be in good agreement with
that of MCM v3.1 over a wide range of conditions. The CRI
v2 isoprene mechanism is also an unchanged component of a
set of reduced, emissions-lumped CRI v2 variants (Watson et
al., 2008), the most reduced of which (CRI v2-R5) has been
very recently implemented into a global model (Utembe et
al., 2010).

The changes outlined above for Mechanism 1 were read-
ily incorporated into the CRI v2 chemistry, the intermediate
RO2 radicals possessing acyl orβ-oxo character being eas-
ily identifiable. No change was made in relation to Mech-
anism 2b, because the set of isoprene-derived hydroperox-
ides is represented by a single lumped species (RU14OOH),
the OH-initiated degradation of which already quantitatively
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regenerates OH by a process analogous to that shown above
in Reactions (R14)–(R16). This means that the OH enhance-
ments associated with Mechanism 2b (i.e., up to about 16%,
as reported above in Sect. 3.3) are already effectively im-
plicit in CRI v2 and are therefore not reflected in the sen-
sitivity tests described below. The most challenging adap-
tation relates to incorporation of the RO2 radical isomerisa-
tions (Mechanisms 3b), because the complete set of isoprene-
derived peroxy radicals is represented by the single lumped
species, RU14O2 (as is the case for most reduced isoprene
mechanisms). In CRI v2, conventional reactions of RU14O2
with NO, HO2 and the peroxy radical pool are represented.
Two additional reactions were added, to represent isomeri-
sation of theβ-hydroxyalkenyl RO2 isomers (Reaction R24)
and the cis-δ-hydroxyalkenyl RO2 isomers (Reaction R25),

RU14O2→ HCHO+UCARB10+OH (R24)

RU14O2→ HPUCARB12+HO2 (R25)

(here, UCARB10 is a lumped C4 carbonyl product which
represents both MVK and MACR in CRI v2, and HPU-
CARB12 is a newly-defined hydroperoxyaldehyde product
which corresponds to HPC41CHO and HPC42CHO in the
detailed mechanism). The competition of these reactions
with the alternative reactions for RU14O2 was determined
by running a set of reference box model simulations using
the detailed mechanism illustrated in Fig. 6 and represented
in Mechanism 3b. In these simulations, the NO concentra-
tion was fixed at a set of values over the range 2.46×107–
2.46×1012 molecule cm−3 (1 ppt – 100 ppb at 298K and 760
Torr), and the combined formation rate of the products from
each type of isomerisation reaction was quantified relative
to the formation rate of products derived from the combined
(pseudo-first order) reaction of all the RO2 isomers with NO.
The global first order loss rates for the RO2 + NO reactions
could then be used to define effective rate coefficents (k24
andk25) for each type of RO2 isomerisation reaction for the
complete range of conditions. The derived values ofk24 and
k25 were found to vary with NO concentration because, as in-
dicated above in Sect. 3.4, the relative population of the RO2
isomers changes with NOx level by virtue of the reversibil-
ity of O2 addition. However, the variation was found to be
modest at levels of NO less than about 1010 molecule cm−3

(i.e., when the isomerisation reactions are able to compete
more significantly), such that low NOx limiting values of
k24 = 4×10−3 s−1 andk25 = 8×10−2 s−1 could reasonably be
assigned, and this assumption was made in the work pre-
sented here. The procedure was also repeated using RO2
isomerisation rates reduced by an order of magnitude (i.e.,
as considered in the detailed Mechanism 3c above). The re-
sultant values ofk24 andk25 were also reduced by an order
of magnitude, demonstrating a linear relationship between
the detailed and reduced representations over this isomeri-
sation parameter range. It is noted that the generic rate
coefficient assigned to the competing reactions of the RO2

radicals with NO in both the detailed and reduced mech-
anisms, 8.5×10−12 cm3 molecule−1 s−1 (at 298 K), agrees
well with the consensus of recently reported values for
isoprene-derived peroxy radicals (e.g., Miller et al., 2004,
and references therein; IUPAC, 2010).

The hydroperoxyaldehyde product, HPUCARB12, was
degraded via both reaction with OH and photolysis to gen-
erate appropriate intermediates already represented in CRI
v2, with the photolysis reaction generating OH as follows:

HPUCARB12+hυ → RU12O2+OH (R26)

The co-product, RU12O2, is a lumped radical used to rep-
resent an appropriate set of species in MCM v3.1, which in-
cludes the species HC4ACO3 formed by the analogous pro-
cess in the detailed mechanism (see Fig. 7). In the reduced
mechanism, the photolysis rate was set to correspond to the
high value applied in Mechanism 3b and in the full detailed
mechanism, Mechanism 4.

The global impacts of inclusion of HOx formation and
recycling from isoprene oxidation were investigated using
an updated version of the UK Meteorological Office tropo-
spheric chemistry transport model (STOCHEM) originally
described by Collins et al. (1997). STOCHEM is a global
3-dimensional CTM which uses a Lagrangian approach to
advect 50 000 air parcels using a 4th-order Runge-Kutta
scheme with advection time steps of 3 h. The transport and
radiation models are driven by archived meteorological data,
generated by using the UK Meteorological Office numerical
weather prediction models as analysis fields, with a resolu-
tion of 1.25◦ longitude and 0.83◦ latitude and on 12 vertical
levels extending to 100 hPa. Full details of the model ver-
sion employed are given in Derwent et al. (2008), with recent
updates (including implementation of the CRI v2-R5 chem-
istry) reported in detail by Utembe et al. (2010).

Two experiments were performed to investigate the im-
pacts of the mechanistic revisions described above, and
a base case reference run against which the results could
be compared using the unmodified CRI v2-R5 chemistry
(Utembe et al., 2010). In each run, the model was allowed
to spin up for a period of 12 months, and analysis was per-
formed on the subsequent 12 months of data. The first sen-
sitivity experiment (denoted Mechanism 4R) involved use of
the optimised reduced mechanism described above, which
is representative of a consolidation of all the mechanistic
changes and is expected to yield particularly notable impacts
on simulated OH radical levels in remote areas characterised
by high emission rates of isoprene. In view of the results
of the sensitivity tests presented above in Sect. 3.4, the sec-
ond experiment investigated the impact of reducing the effi-
ciency of the dominant peroxy radical isomerisation chem-
istry derived from the study of Peeters et al. (2009). This
was achieved through reducing the peroxy radical isomeri-
sation rates,k24 andk25, by an order of magnitude (denoted
Mechanism 4Ra), to allow comparison with the impact of
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Table 2. Mixing ratio and percentage changes from the base case for a selection of species in a 5◦
×5◦

×∼1 km grid box centred at 2.5◦ S
and 67.5◦ W representative of the Amazon Forest. % = ((Sensitivity Run-BASE)/BASE)·100.

Period OH (ppt) HO2 (ppt) NOx (ppt) O3 (ppb) isoprene (ppb)

Base
February 0.018 11.5 497.4 43.4 6.4
August 0.022 8.8 519.6 45.9 4.1
Annual Mean 0.028 9.9 590.2 52 3.9

OH (%) HO2 (%) NOx (%) O3 (%) isoprene (%)
Mech. 4R
February 39.0 30.0 −1.6 0.0 −26.7
August 37.8 35.3 −5.6 −3.4 −21.5
Annual Mean 29.7 28.7 −4.8 −3.0 −23.3
Mech. 4Ra
February 14.6 11.7 −2.6 0.3 −8.8
August 15.1 13.0 −2.7 −0.9 −6.9
Annual Mean 12.9 11.0 −3.1 −0.7 −7.9

Table 3. Mixing ratio and percentage changes from the base case for a selection of species in a 5◦
×5◦

×∼1 km grid box centred at 2.5◦ N
and 117.5◦ E representative of Borneo. % = ((Sensitivity Run-BASE)/BASE)·100.

Period OH (ppt) HO2 (ppt) NOx (ppt) O3 (ppb) isoprene (ppb)

Base
February 0.049 7.9 204.7 21.9 1.1
August 0.066 8.0 349.0 25.5 0.6
Annual Mean 0.059 8.5 319.5 26.7 1.0

OH (%) HO2 (%) NOx (%) O3 (%) isoprene (%)
Mech. 4R
February 24.6 34.0 2.9 −4.6 −29.2
August 22.5 31.6 −5.0 −4.6 −21.1
Annual Mean 23.2 30.9 −1.4 −4.9 −25.4
Mech. 4Ra
February 11.1 15.5 0.2 −1.8 −14.6
August 9.7 12.3 −2.7 −1.6 −9.1
Annual Mean 9.9 12.6 −1.6 −1.8 −11.5

the similar sensitivity test performed with the detailed mech-
anism (i.e., Mechanism 3c vs. Mechanism 3b) as described
in Sect. 3.4. The results of these experiments are summarised
in Fig. 10, and in Tables 2 and 3.

The effect on the simulated monthly-mean OH concentra-
tions in the surface model layer relative to the base case is
shown in Fig. 10, for the example months of February and
August. Increases in OH levels are generally simulated for
all land areas with Mechanism 4R (panels a and b), whilst
changes over the oceans tend to be close to zero. Logi-
cally, the greatest increases (up to about 40%) are simulated
for regions where isoprene emissions are highest and NOx
emissions are lowest (the tropics in February and the tropics
as well as forested boreal regions in August). The general
pattern is therefore similar to that reported by Lelieveld et

al. (2008) and Butler et al. (2008), using parameterised rep-
resentations of OH recycling based on optimisation to obser-
vations, and also to that reported recently by Stavrakou et
al. (2010) using a reduced explicit representation of an ad-
justed version of the Peeters et al. (2009) mechanism.

Tables 2 and 3 summarise the results for selected species
for the 5◦×5◦

×∼1 km surface grid boxes representative
of the tropical forests of the Amazon (centred on 2.5◦ S,
67.5◦ W) and Borneo (centred on 2.5◦ N, 117.5◦ E), which
are broadly relevant to the locations of the recently reported
HOx measurements (Lelieveld et al., 2008; Pugh et al.,
2010a). The simulated enhancements in OH over the Ama-
zon with Mechanism 4R (Table 2) are about 40% in both
February and August, with a concurrent reduction of ap-
proximately 25% in isoprene mixing ratios. Although these
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Figure 10. Percentage difference plots for the global model sensitivity runs, relative to the 3 

base case for OH.  % = ((Run-Base)/Base)*100: (a) February, Mechanism 4R; (b) August, 4 
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Fig. 10. Percentage difference plots for the global model sensitivity runs, relative to the base case for OH. % = ((Run-Base)/Base)·100: (a)
February, Mechanism 4R;(b) August, Mechanism 4R;(c) February, Mechanism 4Ra;(d) August, Mechanism 4Ra.

changes are somewhat smaller than those simulated at the
low end of the NOx range in the box model studies, it should
be noted that the global model resolution is fairly coarse,
such that regions of particularly low NOx cannot be ade-
quately resolved. As a result, the simulated NOx mixing ra-
tios (about 500 ppt) are much greater than those reported for
the specific pristine forest locations, which are typically 20–
50 ppt (Lelieveld et al., 2008; Butler et al. 2008). However,
the changes in OH mixing ratios are fully consistent with
those calculated for comparable conditions in the box mod-
elling studies (e.g., the box model simulation with Mecha-
nism 4 predicts respective changes in daytime-averaged OH
and isoprene levels of 53% and−31% relative to the Mecha-
nism 0 base case run which yielded a daytime-averaged NOx
level of 489 ppt and an isoprene level of 6.1 ppb). This sug-
gests that a calculation at finer resolution could yield the en-
hancements in OH levels of about 200% predicted in the
box model studies at the low end of the considered NOx
range (about 40 ppt), and as also calculated by Lelieveld et
al. (2008) using a higher resolution model with a parame-
terised representation of OH recycling. It is also noted that
Stavrakou et al. (2010) have recently reported similar en-

hancements using a reduced explicit representation derived
from the Peeters et al. (2009) mechanism. The changes in
OH levels (23–25%) simulated for the Borneo grid box with
Mechanism 4R (Table 3) are slightly smaller than those for
the Amazon, even though the simulated NOx mixing ratios
are lower (about 200–300 ppt). This reflects a compensat-
ing influence of the generally lower modelled abundance of
isoprene in this region, which leads to a partial dilution in
the impact of the chemistry. As shown in Tables 2 and 3 the
mechanistic changes implemented in Mechanism 4R lead to
increases of about 30% in HO2 radical levels which is also
consistent with the results of the box model studies.

An order of magnitude reduction in the rates of the per-
oxy radical isomerisation reactions,k24 andk25 (Mechanism
4Ra), leads to a reduced but still notable impact. The ge-
ographical changes in OH levels (Fig. 10, panels c and d)
show the same general pattern as those simulated with Mech-
anism 4R, with maximum increases of about 15% relative to
the base case. The effects on all the species for the example
Amazon and Borneo locations (Tables 2 and 3) are consis-
tently just over a factor of two lower than those simulated
with Mechanism 4R, a sensitivity which is fully consistent
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with that observed in the detailed box modelling studies.
This suggests that a calculation at fine resolution with Mech-
anism 4Ra could result in enhancements in OH levels of ap-
proximately 100%, as predicted in the box model studies at
the low end of the considered NOx range.

It is interesting to note that, although the dominant re-
gional impact on OH formation results from the isoprene-
specific chemistry involving the peroxy radical isomerisation
reactions, the implementation of the propagating channels
for the reactions of HO2 with relevant RO2 radicals (particu-
larly CH3C(O)O2) has a comparable globally-integrated im-
pact. This is because the chemistry is relevant not only to the
degradation of isoprene, but also to the degradation of the
majority of emitted anthropogenic and biogenic VOCs.

5 Summary and conclusions

The sensitivity of isoprene degradation chemistry to a num-
ber of detailed mechanistic changes has been examined using
MCM v3.1 as a reference base case mechanism, with partic-
ular focus on the impacts of these changes on the recycling
and formation of OH radicals. Implementation of radical
propagating channels for the reactions of HO2 with relevant
classes of organic peroxy radical (namely acyl andβ-oxo
peroxy radicals) resulted in a comparatively small impact on
the system, leading to increases of about 5–7% in the concen-
trations of OH over the sub-ppb NOx range. Implementation
of the OH-catalysed conversion of the isoprene-derived hy-
droperoxides to isomeric epoxydiols, and representation of
their subsequent degradation (based on the study of Paulot et
al., 2009a), resulted in OH increases of up to about 16% rela-
tive to MCM v3.1, and potentially as high as about 25% if the
chemistry replaces a representation of hydroperoxide chem-
istry with zero OH regeneration. However, it is noted that
implementation of the Paulot et al. (2009a) chemistry has a
near-zero effect on simulated OH if the existing representa-
tion of hydroperoxide chemistry is already fully OH-neutral,
as is the case in some mechanisms (e.g., CRI v2).

Much greater potential impacts were achieved by im-
plementation of a recently postulated mechanism involv-
ing isomerisation of the cis-δ-hydroxyalkenyl and β-
hydroxyalkenyl peroxy radical isomers, formed from the se-
quential addition of OH and O2 to isoprene, and rapid pho-
tolysis of the hydroperoxy-methyl-butenal products formed
following the cis-δ-hydroxyalkenyl peroxy radical isomeri-
sations (Peeters et al., 2009). This mechanism yielded a fac-
tor of up to 3.3 increase in the simulated OH concentration,
maximising at the low end of the considered NOx range, and
possesses some features which could help improve selected
aspects of model-measurement comparisons (e.g., suppres-
sion of isoprene nitrate formation and a relatively prompt
formation route for hydroxyacetone). However, the results
of additional sensitivity tests suggest that the mechanism
with the reported parameters cannot be fully reconciled with

certain other atmospheric observations and existing labora-
tory data (such as the results of Paulot et al., 2009a) with-
out some degree of parameter refinement and optimisation,
which would probably require a reduction of, and some level
of equalisation in, the isomerisation rates applied to the pair
of cis-δ-hydroxyalkenyl peroxy radical isomers. An order of
magntitude reduction in all the isomerisation rates was inves-
tigated, and was still found to yield notable enhancements in
OH concentrations of up to a factor of about 2, indicating
that the mechanism remains potentially significant even with
this substantial parameter adjustment. It is important, there-
fore, that the details of the mechanism proposed by Peeters
et al. (2009) are either confirmed or refuted by laboratory
study, under conditions of low NOx and low RO2 and HO2
concentrations, which have generally not been fully accessed
in previous studies. It is noted that such studies would also
facilitate a stringent evaluation of all isoprene mechanisms
currently in use, for application under tropospheric condi-
tions.

Application of a parameterized representation of the
mechanistic changes in the STOCHEM global chemistry-
transport model demonstrated that the greatest impact of the
modified chemistry on OH concentrations logically occurs in
remote regions characterized by high emission rates of iso-
prene, although a widespread low-level global impact also
results from the processes which are not isoprene-specific
(namely, implementation of the propagating channels of the
reactions of HO2 with relevant RO2 radicals, particularly
CH3C(O)O2). The magnitude of the impact in the high iso-
prene emission regions was found to be consistent with that
observed in the box model sensitivity studies, with the re-
sults being illustrated and discussed with a particular focus
on the tropical forested regions of the Amazon and Borneo,
where unexpectedly elevated concentrations of OH have re-
cently been reported.
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