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New Insights into the Tropospheric Oxidation
of Isoprene: Combining Field Measurements,
Laboratory Studies, Chemical Modelling

and Quantum Theory

Lisa Whalley, Daniel Stone, and Dwayne Heard

Abstract In this chapter we discuss some of the recent work directed at further
understanding the chemistry of our atmosphere in regions of low NO,, such as
forests, where there are considerable emissions of biogenic volatile organic
compounds, for example reactive hydrocarbons such as isoprene. Recent field
measurements have revealed some surprising results, for example that OH
concentrations are measured to be considerably higher than can be understood
using current chemical mechanisms. It has also not proven possible to reconcile
field measurements of other species, such as oxygenated VOCs, or emission fluxes
of isoprene, using current mechanisms. Several complementary approaches have
been brought to bear on formulating a solution to this problem, namely field studies
using state-of-the-art instrumentation, chamber studies to isolate sub-sections of the
chemistry, laboratory studies to measure rate coefficients, product branching ratios
and photochemical yields, the development of ever more detailed chemical
mechanisms, and high quality ab initio quantum theory to calculate the energy
landscape for relevant reactions and to enable the rates of formation of products and
intermediates for previously unknown and unstudied reactions to be predicted. The
last few years have seen significant activity in this area, with several contrasting
postulates put forward to explain the experimental findings, and here we attempt to
synthesise the evidence and ideas.
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1 Introduction

The composition of the atmosphere is changing, with wide-ranging implications for
air quality and climate change. The future well-being of our atmosphere relies on a
detailed understanding of the chemistry responsible for the oxidation of man-made
and natural emissions. Photo-oxidation in the troposphere is highly complex, and is
initiated by short lived radical species, in the daytime dominated by the hydroxyl
radical, OH, and at night by the nitrate radical, NOj3, or ozone. Chemical oxidation
cycles remove primary emitted trace species which are directly harmful to humans
or to the wider environment. The international societal response to deteriorating air
quality and the changing climate is guided by the predictions of numerical models
which make assumptions about both emission scenarios in the future for trace gases
and aerosols from natural and human activity, and global weather patterns which
disperse and mix these emissions. An integral part of any air quality or climate
model is a chemical mechanism which describes the degradation of all emissions
into a wide range of secondary products by reaction with oxidants, for example OH,
NOj3, O3 and CI atoms, as well as by photochemical degradation by sunlight or
removal by physical deposition. Some chemical schemes are very large, containing
thousands of individual chemical species and tens of thousands of individual
chemical reactions which eventually generate carbon dioxide and water vapour,
and along the way a richness of chemical functionality emerges. Many of the
secondary products produced by atmospheric photo-oxidation are also directly
harmful, for example O3, NO,, acids and multifunctional species. Some species
are relatively nonvolatile and partition to the aqueous phase to create secondary
organic aerosol (SOA) which contributes a significant fraction of tropospheric
aerosol, with associated impacts on climate and human health.
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It is the realm of laboratory chemical kinetics to measure the rate constants of
individual chemical reactions and the yields of products from different reaction
channels, under relevant conditions of temperature and pressure, for all processes
required to describe adequately chemical oxidation in a given environment.
Although very extensive chemical kinetics databases exist for gas phase and
heterogeneous reactions, for example from the ITUPAC sub-committee for gas
kinetic data evaluation [1] (also http://www.iupac-kinetic.ch.cam.ac.uk/), and the
JPL kinetics data evaluation panel [2] (also http://jpldataeval.jpl.nasa.gov), and
which are used frequently by numerical modellers, there are many gaps, and
often the relevant chemistry may be completely missing. Sometimes it is not
possible to isolate an individual chemical reaction to study, and process studies in
chambers under relevant atmospheric conditions are used to extract kinetic data
indirectly. For some reactions it is not possible to synthesise the necessary reagents,
and structural—activity relationships (SAR) are used to estimate rate constants using
known data from similar molecules and established additivity rules. Estimating the
yield of products is more difficult via this method, and theoretical methods utilizing
advances in ab initio quantum mechanics have proven extremely useful to predict
the likely course of a reaction through calculation of energy barriers to reaction.

Field measurements of atmospheric composition provide crucial data with which
to test how complete and accurate chemical mechanisms are within atmospheric
models. In the atmosphere, concentrations of trace gases are dependent on the rate of
their chemical production and loss, as well as physical transport into or away from the
measurement volume. In order to separate chemistry from transport processes, it is
useful to measure a species whose chemical lifetime is short, such that transport plays
no direct role in controlling its abundance. Free radicals are examples of such species.
In steady-state, the abundance of OH is determined by equating the rate of its
production and loss, as its rate of loss is directly proportional the concentration of
OH. Therefore in order to calculate the abundance of OH it is necessary to measure as
wide a range as possible of OH sources and sinks at the same location. Of course,
good model-to-measurement agreement for OH may occur fortuitously if missing OH
sources counterbalance missing OH sinks in the model. In such cases field
measurements have not provided an adequate test of the level of understanding of
the underlying chemistry. A common example of missing sinks are some of the many
thousands of volatile organic compounds (VOCs) which exist in urban air and which
react with OH, and are either directly emitted or generated as reaction intermediates.

Although there are many examples of comparisons between modelled and
measured OH, and other radicals, there are relatively few in environments with
significant emissions of biogenic volatile organic compounds (BVOCs) at locations
which are significantly removed from pollution sources where levels of nitrogen
oxides are very low. Chemical mechanisms have been developed for the oxidative
degradation of a select few BVOC:s, but these schemes are complex, with often only
the rate constant of OH with the parent BVOC and the initial branching to primary
products well established. The ensuing chemistry involving reactive intermediates
and further reactions or photochemistry is often written down, but with relatively
little experimental evidence to support the postulated mechanism.
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In this chapter we examine the mechanism for the OH initiated oxidation of
isoprene under low NO, levels (NO < 50 ppt). At higher NO, levels, although it is
likely that there are still processes that are missing within atmospheric models (e.g.
[3]), isoprene oxidation chemistry is simplified somewhat by the loss of the
isoprene-derived peroxy radicals being dominated by reaction with NO. Under
low NO, conditions the fate of these peroxy radicals is much less certain. New
insights into the isoprene mechanism have been derived using a combination of:

1. Field measurements of the concentrations of isoprene (and fluxes), OH and HO,
radicals, and isoprene secondary oxidation products and comparison to
calculations of a variety of models, from zero dimensional box models to global
three dimensional models.

2. Laboratory studies to study the oxidation of isoprene under carefully controlled
conditions, in particular using atmospheric simulation chambers, in order to
confirm the presence of reaction products and the rates of competing channels.

3. Theoretical methods using quantum mechanics and chemical rate theory to
calculate the multidimensional potential energy surface upon which the reaction
of isoprene and OH occurs, and the rates of different reaction pathways under
relevant conditions, and the incorporation of these calculated kinetic data into a
range of models for comparison with field data.

2 Model and Measurement Comparisons in High Isoprene Low
NO, Regions

A number of field campaigns in regions characterised by high concentrations of
isoprene (and sometimes other biogenic species) and low concentrations of NO,
(NO, = NO + NO»,) have highlighted considerable differences between observed
and modelled concentrations of OH and HO, radicals [4-14]. Appreciable HO,
(HO, = OH + HO,) concentrations have been observed in the presence of high
biogenic emissions that cannot be reconciled with chemical schemes currently
adopted in atmospheric models, indicating poor model representation of HO,
chemistry under high VOC and low NO, conditions. An alternative explanation is
that OH and/or HO, detected by laser induced fluorescence (LIF) at low pressures
[15] may be biased in some way for some instruments in some types of forested
environments, for example by the presence of interference under high loadings of
isoprene and/or other BVOCs [16, 17].

The earliest reports of model discrepancies for OH and HO, under high VOC
and low NO, conditions were made following the aerosols formation from biogenic
organic carbon (AEROBIC) campaign in a forested region of Greece in 1997
[5, 18]. The modelled concentrations of OH were, on average, a factor of two
lower than the observations, and although the source of the discrepancy was not
identified in this study, it was noted that the disagreement was most significant
when NO concentrations were low [5].
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The program for research on oxidants: photochemistry, emissions and transport
(PROPHET) campaign in a deciduous forest in northern Michigan in 1999 also
reported OH and HO, concentrations that were significantly higher than model
calculations, with the OH observations a factor of at least six greater than the
modelled concentrations at NO mixing ratios below 100 ppt [12]. This study found
that reasonable agreement for OH could be obtained if the NO concentrations in the
model were tripled, or the NO doubled and the isoprene halved, indicating the
combination of low NO, and high isoprene as a source of the problem [12].

The suggestion that incomplete or incorrect treatment of reactions involving
organic peroxides (ROOH), either their formation via HO, + RO, or their photol-
ysis to produce RO + OH, may be responsible for the HO, model failure came as a
result of the southern oxidant study (SOS) in Nashville, Tennessee [13]. At high
NO, concentrations the dominant fate of HO, and RO, is generally reaction with
NO, resulting in production of OH, either directly (in the case of HO,) or via the
production of an alkoxy radical (RO) and its subsequent reaction with O, (in the
case of RO,). Any misrepresentation of HO, + RO, reactions, or their products, in
model simulations will therefore become more apparent at low NO, concentrations
owing to the reduced importance of HO, + NO and RO, + NO reactions.

2.1 Recycling of OH in Isoprene Oxidation

The Guyanas atmosphere—biosphere exchange and radicals intensive experiment
with the Learjet (GABRIEL) project carried out in 2005 reported the first boundary
layer measurements of OH and HO, made over a tropical rainforest, with
measurements made over the Amazon rainforest in Suriname onboard a Learjet
aircraft using LIF [9]. Global models predict particularly low OH concentrations in
this region due to elevated levels of isoprene which rapidly reacts with OH [19-21],
but comparison with the GABRIEL dataset revealed significant differences between
model predictions and observations [4, 7, 8]. Disagreements between observed and
modelled OH concentrations for GABRIEL were found with both global models [4]
and box models [7], with the OH concentrations simulated by the box model,
constrained to the reduced Mainz isoprene mechanism (MIM), a factor of approxi-
mately 12 times lower than the observations at the highest isoprene concentrations.
Use of a more explicit isoprene oxidation scheme, similar to that described by the
master chemical mechanism (MCM), did little to improve the model failure [7].
The OH model discrepancy for GABRIEL was found to display a dependence on
isoprene [4, 7, 8], as shown in Fig. 1. This discrepancy was similar to that observed
over forested regions in North America, in the intercontinental chemical transport
experiment (INTEX-A), and during the PROPHET campaign [10] (also shown in
Fig. 1). The level of discrepancy between OH observed and predicted from other
isoprene-rich field studies (Oxidant and Particle Photochemical Processes — OP3
and Program of Regional Integrated Experiments of Pearl River Delta region —
PRIDE-PRD, discussed further below) were also consistent with this trend.
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Isoprene photo-oxidation products were also found to be higher than model
predictions [22], indicating the need for additional OH sources related to isoprene
in order to reconcile models with measurements. This observation led to an
extension of the idea that reactions involving HO, and RO, could be responsible
for model failure. It was proposed that direct formation of OH in HO, + RO,
reactions, and specifically those involving RO, radicals generated in isoprene
oxidation (ISOPQO,), could improve model simulations for OH over the Amazon
rainforest by providing an additional pathway for recycling of OH via HO, under
low NO, conditions, as shown in Fig. 2 [4, 7, 8].

Generation of OH in HO, 4+ RO, reactions has been observed in several labora-
tory studies [23-28], and although inclusion of an OH yield in HO, + ISOPO,
reactions in atmospheric models has enabled replication of field observations, the
yields required (between 200% and 400%) are significantly higher than the labora-
tory data suggest for any reaction of this type. Moreover, production of OH in
such reactions has thus far only been observed for RO, radicals containing acyl,
a-carbonyl, a-hydroxy or a-alkoxy functionalities [23—28], and experiments have
placed an upper limit of 6% on the OH yield from RO, radicals structurally similar
to ISOPO, [23].

2.2 The Role of Air Mass Segregation in Simulations
of HO Chemistry

While the production of such large amounts of OH from HO, + RO, reactions is
unlikely, its inclusion in atmospheric models does facilitate investigation of the
impact of underpredictions of OH in modelling studies. Butler et al. [4] found
that increasing the OH concentration in a global 3D model European centre
for medium-range weather forecasts-Hamburg/module earth submodel system
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Fig. 2 Schematic to show the main processes controlling HO, concentrations in the troposphere
(reproduced from [8]). Pathway I shows the cycling of HO, to OH through reaction with NO;
pathway II shows the production of peroxides from HO,, leading to loss of HO,; pathway III
indicates a potential route for production of OH from reactions of HO, with VOC oxidation
products

(ECHAM/MESSy) led to unrealistically low concentrations of isoprene. In order
to achieve model agreement with observed concentrations of both OH and
isoprene it was necessary not only to include the additional OH source but also
to reduce the effective rate coefficient between OH and isoprene by approxi-
mately 50% [4]. The rationale behind the reduction in koptc,n, lies in the
potential segregation of air masses containing OH from those containing iso-
prene, such that the two air masses do not fully mix and therefore do not react at
a rate given by kopcsu, [OH][CsHg] when considering the concentrations of OH
and isoprene in the two air masses.

This concept has also been investigated by Pugh et al. [29, 30] for the OP3
project which took place in Borneo in 2008, comprising both ground-based and
aircraft measurements of atmospheric composition in and over rainforest and oil
palm plantations [31]. Using the Cambridge tropospheric trajectory model of
chemistry and transport (CiTTyCAT) atmospheric chemistry box model with
MIM?2 chemistry, Pugh et al. [29] demonstrated similar problems in simulating
OH concentrations to those reported by Lelieveld et al. [8], with the model unable
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to replicate concurrent observations of OH and isoprene whilst maintaining agree-
ment with measurements of VOC emission fluxes.

Pugh et al. [29] included a recycling term for OH in the reaction between OH and
isoprene to investigate its impact on the model simulations, but found that any
improvements in the modelled OH were at the cost of model success for isoprene
and other VOCs. Further analysis of the model revealed that reasonable agreement
with observations could be achieved for OH and VOCs by a combination of a small
recycling term in OH, variation of the deposition rates of intermediate VOC oxidation
products, including methyl vinyl ketone (MVK) and methacrolein (MACR), and
segregation of OH-containing and isoprene-containing air masses. Similar to the
work of Butler et al. [4], Pugh et al. [29] represented the segregation of air masses
containing OH from those containing isoprene by a reduction in the effective rate
coefficient for the OH + isoprene reaction, with a 50% reduction required to achieve
adequate model success. It was thus concluded that model success in tropical regions
may be less strongly influenced by mechanistic problems in isoprene oxidation
schemes than by detailed representation of physical and micrometeorological pro-
cesses. This conclusion is in contrast to those of Whalley et al. [14] and Stone et al.
[11], discussed below, which conclude that mechanistic changes can result in signifi-

cant differences in modelled HO, concentrations for the OP3 campaign.
The importance of boundary layer dynamics and potential segregation of

oxidant-rich and VOC-rich air parcels has also been investigated using a large
eddy simulation within a mixed-layer model [32]. Although the model uses a highly
condensed gas phase chemistry mechanism containing only 19 reactions, the results
of the study suggest that the chemistry is equally important as the dynamics in
reproducing isoprene mixing ratios measured during the tropical forest and fire
emissions experiment (TROFFEE) campaign in Central Amazonia in 2004.

The extent of segregation and turbulent mixing above a forest canopy has been
estimated using tower-based measurements of OH, HO, and VOC above a decidu-
ous forest in Germany during the emission and chemical transformation of biogenic
volatile organic compounds (ECHO) campaign in conjunction with the eddy
covariance method [33]. This study showed that, although inhomogeneous mixing
can occur near emission sources, the degree of segregation of air masses observed
was significantly less than that required to improve the model simulations for the
Amazon rainforest [4] and the Borneo rainforest [29]. A reduction in the effective
rate coefficient for OH + isoprene of 15% was justified by the measurements [33],
in contrast to the 50% proposed by Butler et al. [4] and Pugh et al. [29].

In addition, Pugh et al. [30] conducted a model analysis of high frequency isoprene
measurements, made by a proton transfer reaction-mass spectrometer (PTR-MS)
instrument during the OP3 campaign in Borneo, to provide an experimentally-based
estimate of the extent of segregation between OH and isoprene during OP3. To test the
analysis method, Pugh et al. [30] analysed data taken during the German ECHO project
and determined similar percentage segregations of OH and isoprene as reported by
Dlugi et al. [33]. When applied to the OP3 dataset, Pugh et al. [30] found that the 50%
reduction in the effective rate coefficient for the OH + isoprene reaction required to
reconcile model discrepancies could not be justified. The results indicated that a
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maximum reduction of 15% in the effective rate coefficient for reaction between OH
and isoprene was more appropriate, suggesting that the chemistry may play a more
significant role than expected by Pugh et al. [29].

Further evidence for a limited role of air mass segregation in explaining OH
model discrepancies in tropical regions has been provided by Ouwersloot et al. [34]
using a large eddy simulation model. Ouwersloot et al. [34] propose that incomplete
mixing of reactive species in a turbulent boundary layer over a spatially homoge-
neous surface should reduce the OH + isoprene rate coefficient by no more than
10%, while spatially heterogeneous surface emissions should result in no more than
a 20% reduction in OH + VOC effective rate coefficients [34]. Comparing model
simulations with homogeneous surface emissions to those with heterogeneous
emissions yielded differences in OH concentrations of <2% [34]. Several papers
thus suggest a limited role of turbulent mixing and segregation of air masses in
explaining observed OH concentrations [30, 33, 34].

3 Unidentified Sources of OH in High Isoprene Environments

The possibility for production of OH through unknown chemistry was discussed by
Hofzumahaus et al. [6] as a potential explanation for model underestimates of OH
in the Pearl River Delta region in China. This study demonstrated the ability of a
box model to reproduce HO, observations whilst underestimating OH observations
by a factor of up to 5, and postulated the presence of an unknown species able to
convert RO, to HO, and HO, to OH independently of NO and without producing
ozone. Although the region surrounding the Pearl River Delta is characterised by
high biogenic VOC emissions, the noontime NO mixing ratios were significantly
higher than those encountered during the GABRIEL and OP3 projects (~200 ppt at
noon for the Pearl River Delta compared to ~20 ppt for the GABRIEL and OP3
campaigns). Nevertheless, the OH discrepancies were consistent with other field
studies which encountered similarly elevated isoprene concentrations (as shown in
Fig. 1), suggesting that problems with isoprene oxidation mechanisms can lead to
model failures even under moderate NO, conditions.

Further evidence for the involvement of isoprene oxidation chemistry in model
failures in low to moderate NO, regions has also come from laboratory and theoreti-
cal studies, revealing that the oxidation mechanisms currently adopted in atmospheric
models provide inaccurate representations of isoprene-related photochemistry, with
model discrepancies more likely to be apparent under low NO, conditions.

3.1 Experimental Indication for OH Formation During
Isoprene Oxidation

A chamber study by the California Institute of Technology (CalTech) group observed
epoxide formation during the gas phase Photo-oxidation of isoprene [35], with
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Fig. 3 (a) Production of peroxides (ISOPOOH) and MACR following OH-addition to isoprene in
the atmosphere. (b) Formation of epoxides following addition of OH to isoprene peroxides
(reproduced from [35])

implications for OH production and generation of SOA. The CalTech environmental
chamber produces OH by photolysis of H,O,, resulting in low NO, conditions (initial
mixing ratios of NO, were varied between 0.1 and 1.3 ppb), and uses a chemical
ionisation mass spectrometry (CIMS) detection system to monitor stable reaction
products of the OH + isoprene reaction. The experiments showed that peroxides
(ISOPOOH) were formed in high yields following OH addition to isoprene and
the subsequent reaction of peroxy radicals (ISOPO,) with HO,, with smaller
reaction channels resulting in production of OH, formaldehyde and either MACR
or MVK (depending on the site of the initial OH addition to isoprene). The reaction
scheme depicting these processes is shown in Fig. 3a and Table 1 provides the
structural formulas for abbreviations of isoprene-derived species discussed in
Sects. 3.2 and 3.3.

Production of peroxides and MVK/MACR following OH-addition to isoprene
has been observed in previous studies [36-38], and is included in chemical
mechanisms such as the MCM [39]. Prior to the CalTech study, the ISOPOOH
peroxides were expected to undergo physical loss, photolysis (yielding ISOPO
alkoxy radicals and OH) or react with OH to produce a peroxy radical (in the
case of the dominant ISOPOOH isomer of the four isomers in the MCM) or
carbonyl species with regeneration of OH (in the case of the three remaining
ISOPOOH isomers in the MCM).

However, the CalTech group showed that the reaction of ISOPOOH peroxides
with OH could produce epoxides (IEPOX) in an OH neutral reaction, as shown in
Fig. 3b. Although the IEPOX species are isobaric with ISOPOOH, and thus
appear as a combined IEPOX + ISOPOOH CIMS signal, use of collision induced
dissociation enables the production of distinct daughter ions from each compound
and separation of the signals. Use of "®*OH also enabled separation of the IEPOX
and ISOPOOH signals, since ISOPOOH requires addition of one 'SOH on
isoprene, whereas IEPOX production involves addition of a second '*OH to
ISOPOOH and loss of a '®°OH radical. Theoretical arguments also provide
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Table 1 Abbreviations and structural formulas associated with isoprene oxidation products

Isoprene oxidation products

Structural formula

B4-ISOPO,

54-1SOPO,

4-ISOPOOH

54-ISOPOOH

B4-TEPOX

34-IEPOX

OH
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OH
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Table 1 (continued)

Isoprene oxidation products Structural formula
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evidence for the existence of an energetically favourable pathway producing
IEPOX from ISOPOOH [35].

While the initial epoxide production from ISOPOOH is OH-neutral, and will
thus have little impact on modelled OH concentrations in low NO, environments,
the discovery of IEPOX species highlights significant gaps in our understanding of
isoprene oxidation chemistry. Moreover, the fate of the IEPOX species may be
important in terms of understanding field observations of OH and formation of
SOA. It is expected that the lifetime of IEPOX with respect to OH addition is of the
order of 18-22 h, and that reactive uptake of IEPOX to aerosol surfaces and
subsequent SOA formation could be important [35]. If IEPOX are involved in
SOA formation then isoprene-derived carbon will be sequestered from the gas
phase, potentially reducing the expected impact of isoprene on atmospheric OH
concentrations.

The production of ISOPOOH, and therefore IEPOX, is dependent on the reaction
of ISOPO, radicals with HO,, and is thus expected to occur to a greater extent in
low NO, regions. However, recent theoretical studies have indicated that ISOPO,
radicals may undergo unimolecular decomposition processes which do not produce
ISOPOOH, but may result in regeneration of HO, radicals [40—43].

3.2 Theoretical Indication for OH Production in Isoprene
Oxidation

Density functional theory (DFT) calculations have predicted the unimolecular
decomposition of B-ISOPO; radicals (the dominant ISOPO, isomers), resulting in
production of OH, formaldehyde and (depending on the isomer) MVK or MACR
[40]. However, the rates of decomposition are expected to be slow, and may not be
sufficient to compete effectively with the bimolecular reactions of ISOPO, radicals
with HO, and NO in all but the most remote environments [40].

Theoretical investigation of the OH-initiated oxidation of isoprene by the
Leuven group has also led to the proposal of HO, radical production following
unimolecular processes in ISOPO, radicals [41-43]. An outline of the initial steps
in the proposed mechanism — the Leuven isoprene mechanism (LIM) — are shown in
Fig. 4.

A key feature of the mechanism is the existence of an equilibrium between the
initial OH-isoprene radical adduct and the ISOPO, peroxy radical formed on
addition of molecular oxygen to the adduct, leading to the greatest reaction flux
through the fastest product forming pathway [42]. Under low NO, conditions,
Peeters et al. [42] propose that the fastest pathways occur through unimolecular
1,6-H shifts in two of the ISOPO, radicals, producing HO, and unsaturated
hydroperoxy-aldehydes (HPALDs). Based on an average temperature of 303 K
and concentrations of 5 x 10% cm ™ NO (=20 ppt), 10° cm > HO, (~40 ppt) and
10° ¢cm ™2 total RO,, Peeters et al. [42] calculated a value of 0.025 s~! for
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Fig. 4 Outline of the initial steps in the Leuven Isoprene Mechanism, with their predicted rates,
following 1-OH addition to isoprene (reproduced from [42])

{kno[NO]+kpo,[HO;|+kro, [RO,]} (Where k, is the rate coefficient for the reaction
of ISOPO, isomers with species X). In comparison, the proposed ISOPO,
isomerisation processes to produce the HPALD and HO, were expected to occur
with k > 1 s~ for the ISOPO, isomer produced by 1-OH addition to isoprene and
k > 8 s~ for the ISOPO, isomer produced following 4-OH addition.

The HPALD products are thought to photolyse rapidly during the day, owing to the
combination of the —OOH hydroperoxide moiety and an O=C-C=C chromophore,
thereby increasing the yield of both OH and HO, [42]. Subsequent chemistry of the
organic fragments of HPALD photolysis, resulting in rapid production of photolabile
peroxy-acid-aldehydes (PACALDs), is also expected to increase further the OH and
HO, yields [41-43]. More minor reaction pathways of the initial ISOPO, peroxy
radicals, involving 1,5-H shifts, are also proposed to contribute to OH production, and
the potential for similar mechanisms in the oxidation of MVK and MACR has been
postulated [42] and, in the case of MACR, experimentally verified [44].

3.3 Experimental and Theoretical Evidence for OH Production
Combined

Peeters and Miiller [43] surveyed available experimental evidence in order to assess
the strengths of the LIM, comparing the expected yields of key species in the novel
mechanism against those derived from previous work. Figure 5 shows the depen-
dence of a number of these key species (OH, HPALD, HALD, MVK and MACR) as
a function of the NO mixing ratio as derived from the LIM and used in the analysis
by Peeters and Miiller.

Mechanisms, such as the MCM or MIM, currently adopted in atmospheric
models predict relatively high concentrations of hydroxy aldehydes (HALDs),
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Fig. 5 Expected yields of key species in the Leuven Isoprene Mechanism as a function of the NO
mixing ratio (reproduced from [43])

largely formed by hydroxy alkoxy ISOPO radicals produced in ISOPO, + NO
reactions. Such HALDs, however, have yet to be observed in the field or in
laboratory studies at NO mixing ratios below 1 ppb [43]. Peeters and Miiller
provide an example of this in the work of Karl et al. [37], in which a MIM-based
mechanism would predict HALD yields of over 40% in their photoreactor study at
NO mixing ratios between 200 and 600 ppt. The LIM predicts a maximum HALD
yield of 5% at 400 ppt NO, as shown in Fig. 5, and the lack of HALD observations
at low NO mixing ratios is put forward in support of the LIM [43].

Peeters and Miiller [43] also discussed the results of the CalTech chamber study
[35] in the context of the LIM, proposing that a significant proportion of ISOPO,
sinks were unaccounted for in the CalTech experiment, which could potentially be
explained by the additional 1,6-H shifts predicted by the LIM.

The CalTech study observed combined [MVK + MACR] yields of approxi-
mately 12% in the absence of NO, attributable to the minor ISOPO, 1,5-H shift
channels [43]. Although this yield is somewhat higher than predicted by the LIM,
requiring a factor of 5 increase in the predicted 1,5-H shift rate coefficients, this
increased yield does help to rectify discrepancies in MVK/MACR ratios between
the LIM and field observations of Karl et al. [22] made in the Amazon rainforest.

The rate coefficients calculated for LIM by Peeters et al. [42] were stated to be
lower limits, owing to a possible underestimation of the effects of tunnelling.
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Peeters and Miiller [43] proposed a similar argument to explain the low rates of
peroxy radical isomerisation processes calculated by da Silva et al. [40], and
discussed the uncertainties associated with the LIM calculations in greater detail.
The probable error on the rates of peroxy radical isomerisations was reported to be
of the order of a factor of 5, owing to possible errors on the calculated dissociation
energies and barrier heights, and thus within the bounds of the increase required to
reconcile the theory with the CalTech experiments. Moreover, calculations made
using higher levels of theory indicated that the computed barrier heights for the
isomerisation reactions were lower than had been initially reported, supporting the
expectation that the calculated rates represent a lower limit.

Low observed yields of a product with a CIMS signal consistent with the
HPALD products in the CalTech study were explained by Peeters and Miiller
[43] as resulting from high chamber concentrations of HO,, making ISOPOOH
peroxide formation more favourable than the unimolecular process generating the
HPALD:s. In addition, photolysis of HPALDs in the chamber, coupled with their
reaction with OH, is expected to have led to more rapid HPALD loss
(~4 x 10*s71) compared to ISOPOOH loss (~6.4 X 1075 s7h).

Very recently the photo-oxidation of HPALDs was incorporated into a detailed
chemical mechanism and embedded into a global atmospheric model which
generated higher levels of OH in better agreement with field measurements in
pristine forested regions [45].

Further work by the CalTech group [46] has provided more direct evidence for
the formation of HPALDs in isoprene oxidation, and hence for the occurrence of
rapid 1,6-H shifts in ISOPO, radicals. The experiments were designed to investi-
gate the OH-initiated oxidation of isoprene in the chamber at concentrations of HO,
and NO pertinent to the pristine troposphere, with NO mixing ratios ranging
between 30 and 60 ppt, using photolysis of methyl nitrite (CH;0ONO) as the HO,
source. The study was conducted over a range of temperatures, with experiments
also performed using fully deuterated isoprene (CsDg) in order to corroborate
conclusions drawn from the CsHg system.

The HPALD production rates were measured relative to those of H,0,, pro-
duced by the HO, self-reaction, and ISOPOOH, produced by HO, + ISOPO, [46].
It was therefore possible to determine the ratio of the rate coefficient for the 1,6-H
shift in ISOPO,; (k; ¢.) relative to that for HO, + ISOPO, (kpoz-1sopoz), using
literature recommendations for the HO, self-reaction rate coefficient. This method
does, however, require knowledge of the CIMS sensitivity to the measured species.
For H,0, the sensitivity can be determined using gas phase standards, but it was
necessary for HPALD and ISOPOOH sensitivities to be calculated [46].

The experimental analysis did not consider oxidation chemistry of the reaction
products (H,O,, ISOPOOH, HPALD), introducing a potential error of <10% [46].
Photolysis of the HPALD product was expected to be negligible under the experi-
mental conditions [46].

The results of the study provide clear evidence for the formation of HPALDs,
and thus for the 1,6-H shifts in ISOPO, radicals predicted by Peeters et al. [42].
However, the rate of HPALD formation was observed to be approximately 50 times
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slower than that expected by Peeters et al. [42] and Peeters and Miiller [43].
Implementation of the 1,6-H shifts in ISOPO, radicals into the global 3D chemistry
transport model GEOS-Chem showed that while the isomerisation reaction produc-
ing HPALDs is an important process in isoprene oxidation, constituting 7.4% of the
global loss of ISOPO, radicals, the reaction is not as dominant as previously
expected [46]. Recent work by the CalTech group has demonstrated that
isomerisation reactions in other organic peroxy radicals can also lead to OH
formation, with OH observed following a rapid 1,4-H shift in a peroxy radical
derived from MACR [44]. The impact of these novel OH sources on model
simulations is considered below.

4 Impacts of Additional OH Sources on Model Simulations
in High Isoprene Low NO, Regions

Several studies have been conducted to assess the impact of the potential mecha-
nistic changes in isoprene oxidation on tropospheric concentrations of OH and HO,,
including our own work as part of the OP3 project in Borneo [11, 14, 31].

Wolfe et al. [47] used the one-dimensional chemistry of atmosphere — forest
exchange (CAFE) model — to aid understanding of measurements made during the
biosphere effects on aerosols and photochemistry experiment (BEARPEX-2007)
campaign in a Ponderosa pine forest in the western foothills of the Sierra Nevada
Mountains in California. The chemistry scheme within the model was based on
MCMyv3.1, with additional chemistry to represent the formation of isoprene-derived
epoxides as observed by Paulot et al. [35]. However, the model still underpredicted
OH observations by a factor of 6 during particularly warm periods when VOC
emissions were high [47]. During these ‘hot’ periods, Wolfe et al. [47] required
additional OH sources, which were represented in the model by the production of
OH from HO, + RO, reactions, similar to the modelling studies for the GABRIEL
campaign [4, 7, 8]. Formation of epoxides in isoprene oxidation, although an
important discovery in terms of our understanding of isoprene chemistry, thus
appears to do little to rectify model discrepancies for OH.

This result has also been observed in a number of other modelling studies [11,
47-49]. Stavrakou et al. [49] used the intermediate model of global evolution of
species IMAGESv2 global chemistry transport model to investigate the impacts of
several of the previously described proposed mechanisms for OH recycling in
isoprene oxidation. The model used chemistry based on the MIM2 [50], with
simulations to assess the impacts of the artificial recycling scheme used by
Lelieveld et al. [8] and Wolfe et al. [47], the formation of isoprene epoxides and
the occurrence of ISOPO, 1,6-H shifts in the LIM. It was found that the LIM had the
greatest potential for increasing modelled HO, concentrations over densely
vegetated areas in the tropics and at mid-latitudes, with increases in OH
concentrations by a factor of 4 compared to the MIM2. In comparison, inclusion



72 L. Whalley et al.

of epoxide forming chemistry gave increases in OH by a factor of only 1.25. As
described by Stavrakou et al. [49] and Peeters and Miiller [43], inclusion of the LIM
in the IMAGESv2 model replicated average boundary layer observations of OH and
HO, during the GABRIEL and INTEX campaigns to within 30%.

Archibald et al. [48] also investigated the impacts of OH formation from HO,
+ RO, reactions, epoxide chemistry, and 1,5-H and 1,6-H shifts in ISOPO,
radicals, using a zero-dimensional model with chemistry based on the MCMv3.1.
Inclusion of OH-producing channels in HO, + RO reactions in which OH forma-
tion is expected to occur gave increases in OH concentrations of 7%, compared to a
16% increase on consideration of the epoxide chemistry and 330% for the 1,5-H
and 1,6-H shifts in ISOPO,.

Implementation of a modified version of CRIv2-R5 chemistry scheme [51]
within the UK meteorological office three-dimensional Lagrangian global model
(STOCHEM) indicated that use of the LIM resulted in significant elevations in
modelled OH concentrations over rainforested regions in the Amazon and in
Borneo, and concluded that the LIM had the greatest potential for increasing
modelled OH concentrations. It was noted, however, that it was likely that some
degree of parameter refinement and optimisation within the scheme would be
necessary before the mechanism could be fully reconciled with atmospheric
observations and other laboratory data.

While arguments to explain some of the apparent discrepancies between
laboratory data and the LIM may have been put forward by Peeters and Miiller
[43], it would appear that there are outstanding issues in modelling HO,
observations with the mechanism as it currently stands. In our work as part of
the OP3 project in Borneo [31], measurements of OH and HO, were made by
both ground-based instruments in the rainforest [14, 52] and by an aircraft
instrument on the BAel46 NERC research aircraft [11]. Analysis of the HO,
observations and detailed chemical modelling with the dynamically simple model
of atmospheric chemical complexity (DSMACC) [53] for both ground and aircraft
campaigns have revealed that HO, observations in tropical regions still cannot be
fully explained.

The combination of measurements of HO, concentrations and the OH reactivity
(a measure of the total OH sinks in an air mass) [52, 54] at the ground-based site
enabled quantification of the total OH source in the rainforest [14]. It was found that
to maintain the observed OH concentrations, given the measured reactivity,
required an OH production rate ten times greater than that calculated using all
measured OH sources. Model calculations were also shown to under-predict simul-
taneously the observed OH concentrations while over-predicting HO,. Inclusion of
an additional OH source formed as a recycled product of OH-initiated isoprene
oxidation improved the model agreement for OH, but served to worsen the model
failure for HO,. In order to replicate observations of both OH and HO,, the model
required additional loss process for HO,, or a process that converts HO, to OH.

OP3 aircraft measurements have also been used to test our understanding of
isoprene oxidation chemistry, using the DSMACC box model to assess the ability
of the various proposed oxidation mechanisms to reproduce the observed
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Fig. 6 Probability distribution functions of the observed to modelled ratio for OH using the
MCMv3.1 for data points during the OP3 aircraft campaign with low (<15 ppt) isoprene
concentrations (black) and high (>15 ppt) isoprene concentrations (blue), with Gaussian fits to
the data shown by the broken lines. The red line indicates an observed to modelled ratio of 1. The
plot displays the ability of the model to replicate OH observations at low isoprene concentrations,
but a model failure at high isoprene concentrations (reproduced from [11])

concentrations of OH and HO, [11]. The base model run for the aircraft campaign,
using the MCMv3.1, displayed a significant underestimate for OH in airmasses

impacted by isoprene, with a mean observed to modelled ratio of 5.3273% com-

pared to a ratio of 1 .62ﬂ:§471, for airmasses not significantly impacted by isoprene, as
shown in Fig. 6 [11]. For HO,, the model was generally able to replicate the
observations, with no significant dependence of the model success on the isoprene
concentration.

Table 2 shows the OP3 aircraft model results for the range of potential isoprene
oxidation mechanisms and additional OH sources discussed above, including
epoxide formation [35], unimolecular decomposition of isoprene peroxy radicals
[41-43] and recent updates to the MCM (MCMv3.2). In keeping with the results
of Whalley et al. [14], the LIM gave significant improvements to the modelled
OH concentrations, but resulted in a large model overestimate for HO,. However,
the experimental findings of Crounse et al. [46], indicating a slower HPALD
production rate than predicted by Peeters et al. [42] and Peeters and Miiller [43],
reduces the impact of the LIM and thus its potential to rectify model discrepancies
for OH.

Analysis of our measurements during OP3 [11, 14] show that it is not possible to
remove simultaneously the model bias in both OH and HO, using any of the
suggestions described above. The results of this field campaign show that, despite
significant recent advances in our understanding of isoprene oxidation chemistry,
there are still considerable gaps in our knowledge. Similar conclusions have been
drawn from field studies in anthropogenically influenced regions under high iso-
prene loadings [6, 55-58], indicating that uncertainties in the isoprene oxidation
mechanism are important not only under pristine forest conditions (NO < 50 ppt),
but also at moderate NO, levels (several hundred ppt) in populated areas where
ozone production and air quality predictions could be biased. Lu et al. found that the
LIM mechanism was unable to reconcile fully OH observed during PRIDE [57] and
CAREBeijing2006 (Campaigns of Air Quality Research in Beijing and Surrounding
Region 2006) [58], particularly if the reduced isomerisation rate determined by
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Crounse et al. [46] was implemented; inclusion of epoxide chemistry also had little
impact on the modelled OH in these studies. Inclusion of LIM led to overpredictions
of HO, measured during PRIDE, CAREBeijing2006 and HOxCOMP [55-58]
similar to findings from OP3.

Archibald et al. [59] investigated the impact of HO, recycling in isoprene
oxidation on modelling of past, present and future atmospheres using the UKCA
global chemistry climate model. The study showed the potential for substantial
changes to our estimates of global methane lifetimes as a result of developments in
our understanding of isoprene chemistry. The changes to OH concentrations owing
to changes to the descriptions of isoprene chemistry result in an 11% reduction in
the global methane lifetime and a 9% increase in the global ozone burden by 2100.
The representation of isoprene chemistry in atmospheric models thus has important
consequences for predictions of future climate change scenarios.

The role of isoprene chemistry in controlling atmospheric composition and
climate, and the influence of temperature and land use change on isoprene
emissions, should not be underestimated. The field observations of OH in
isoprene-rich, NO,-poor environments discussed above indicate that isoprene has
a considerably smaller effect on OH concentrations than chemistry models predict.
This conclusion, based on direct measurements of OH and comparison with model
predictions, is also supported by observations of other atmospheric species
undertaken in VOC rich NO, poor environments. Discrepancies between isoprene
concentration measurements and model predictions when constrained to isoprene
emission inventories have been reported, as have discrepancies between model
predictions of isoprene oxidation product concentrations and those measured. Large
model underestimates of OH reactivity and SOA formation under isoprene-rich
conditions also point towards significant uncertainties in the OH-initiated isoprene
oxidation mechanism.

5 Isoprene Emission Rates and Mixing Ratios and Comparisons
with Model Predictions

Emission inventories of natural VOCs on regional and global scales have been
available since the late 1970s. Many of the regional and global early inventories
[60—-62] suffered from considerable weaknesses owing to lack of available/relevant
data including accurate estimates of global vegetation coverage, VOC emissions
from different sources, how emissions change with changes in drivers such as
temperature and light intensity and how these drivers change [63]. With these
weaknesses in mind, considerable effort was put into generating a more robust
global emission inventory on a 1° x 1° grid for use in global chemistry and
transport models. The global emissions inventory activity (GEIA) developed a
model of isoprene and other VOC emissions [63] and a regional biogenic emissions
model [biogenic emissions inventory system (BEIS)] developed in the 1980s [64]
was updated [65]. The model of emissions of gases and aerosols from nature
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Fig.7 Geographical distribution of ecoregions identified in Olson et al. [138] and the locations of
~90 isoprene field experiments used to develop isoprene emission factors (reproduced from [66])

(MEGAN) was developed to replace GEIA and BEIS in 2006 [66]. The isoprene
emission rates recommended in the mid-1990s [63, 65] were greater by more than a
factor of two than those previously used in the early regional air quality and global
transport models [60-62, 64]. Global emission estimates of isoprene were of the
order of 570 Tg year' and were derived primarily from enclosure measurement
studies which assigned leaf level emission factors to many global ecosystems;
other ecosystems that were unmeasured were assigned default values. In the GEIA
and BEIS inventories only 3 of the 20 publications used to determine emissions
included studies conducted in tropical regions. In addition to this, emission
activity algorithms describing the response of isoprene emissions to temperature
and light were based on investigations of temperate plants rather than tropical
measurements [63].

Since the 1990s, thousands of isoprene emission rate measurements using
enclosure techniques have been conducted (Fig. 7) and are incorporated into the
most recent global emission inventories [66]. These are often extrapolated to
canopy scale using canopy environment models. Measurements conducted in
tropical regions are now much more abundant [67-72] and direct measurements
of above-canopy fluxes have become more widespread, enabling parameterisation
of emissions on an eco-system scale, e.g. [73, 74], which is particularly advanta-
geous in tropical landscapes where eco-system species are extremely diverse. With
much improved constraints, MEGAN estimates a global isoprene emission of
~600 Tg year™'. In many cases, when employed in chemistry and transport models
and global atmospheric chemistry models, these isoprene emission rates result in
unrealistically high concentrations of isoprene and ozone in the boundary layer [75,
76]. Scaling factors have been introduced in many instances which uniformly
reduce emissions by 20% or more or, in some cases, reduce emissions in selected
landscapes by up to a factor of 3 [77]. The intergovernmental panel on climate
change (IPCC) recommends a 56% reduction in global isoprene emission rates as
recommended by Guenther et al. [63] to allow models to replicate observations of
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CO and isoprene concentrations [78]. Favourable comparisons between canopy-
scale emissions based on leaf-level emission measurements and above-canopy flux
measurements scaled up (or down) with a canopy environment model have been
made, however. Spirig et al. [79] found that above-canopy fluxes of isoprene
measured using eddy covariance and PTR-MS during the ECHO campaign,
which took place in a European deciduous forest, provided a top-down estimate
of isoprene emission rates at the leaf level comparable to cuvette measurements
made at the site. Similarly, Kuhn et al. [80], measuring isoprene and monoterpene
fluxes in a tropical forest in the Central Amazon basin, found that the observed
VOC fluxes were in good agreement with simulations using a single-column
chemistry and climate model (SCM). Comparison of the biogenic emission
model, MEGAN, with flux measurements made in the Amazon basin during
TROFFEE were also found to agree with each other within associated model and
measurement uncertainties [81].

Discrepancies between flux observations and emission models have been
reported; these differences tend to relate to the use of inappropriate base emission
rates (BER) (rate at which plants emit isoprene under a set of standard conditions;
T = 30°C; photosynthetically active radiation = 1,000 pmol m 2 s~') within
emission models, however. Langford et al. (2010) report isoprene and mono-
terpene flux observations made during OP3. Comparison of the observations with
emissions estimated by the MEGAN model demonstrated that large discrepancies
could arise if default isoprene BER — based on measurements (Fig. 7, Table 3)
made over the Amazon rainforest where the emission factors are largely derived
from — were used, with model isoprene emissions being four times greater than
those observed. The modelled to measured flux agreement could be improved
considerably, however, if the model was constrained to typical photosynthetically
active radiation (PAR) and temperature variables measured at the Borneo
station [82]. Hewitt et al. [83] have recently demonstrated that BER for isoprene
is not necessarily constant and instead is under circadian control and can vary
throughout the day. Assuming a constant BER led to an overestimation in the
isoprene flux relative to those observed during OP3 [83]. These direct flux
observations and comparison to emission models suggest that emissions inven-
tories do not necessarily overestimate isoprene emission rates; rather, other model
factors such as deposition of isoprene oxidation products, oxidation schemes
employed or the factors controlling isoprene emissions may contribute to poor
model performance [66].

It must be noted that, although the examples given above demonstrate good
agreement between modelled emissions rates and directly measured isoprene
fluxes, many of these models overestimate VOC mixing ratios [76, 77]. For
example, Kuhn et al. [80] observed the vertical gradients of isoprene and isoprene
oxidation products; comparison between model and observations led Kuhn and co-
workers to suggest that the oxidation capacity was much higher than that assumed
by the model. A simple chemical kinetics study utilising the ratio of (MVK +
MACR)/isoprene estimated an [OH] of ~8 x 10° molecule ¢cm >, an order of
magnitude higher than predictions made by the model employed. This high [OH]
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Table 3 Isoprene and monoterpene flux measurements from tropical forests and typical monoterpene:
isoprene ratio (units in mg C m~>h™"; reproduced from Langford et al. 2010 [82]). See Langford et al.
[82] for details of the references cited in this table

Location Season Method Isoprene > Monoterpene Ratio References
Borneo SE Asia L wet vDEC 0.48 £ 0.72 0.13 = 0.19 0.27 Langford et al.
(this study)
Borneo SE Asia Edry VvDEC 1.04 £ 13 025£033 0.24 Langford et al.
(this study)
Malaysia SE Dry LL 1.1 - - Saito et al. (2008)
Asia
Amazon, Brazil Edry MB 2.7 0.24 0.23 Zimmerman et al.
(1998)
Amazon, Peru Edry MLG 7.2 0.45 0.06 Helmig et al.
(1998)
Amazon, Brazil L wet EC,REA 2.1 0.23 0.11 Rinne et al.
(2002)
Amazon, Brazil Ldry vDEC 73 £2.7 1.5+ 1.1 0.21 Karl et al. [81]
Amazon, Brazil Ldry MLG 102 £35 22+0.7 0.22 Karl et al. [81]
Amazon, Brazil Ldry MLV 11.0£09 39+ 1.1 0.35 Karl et al. [81]
Amazon, Brazil Edry REA 2.1+ 1.6 0.39 + 0.43 0.19 Kuhn et al. [80]
Amazon, Brazil Edry SLG 34+3.6 038 +£0.58 0.11 Kuhn et al. [80]
Amazon, Brazil - REA 1.1 0.2 0.18 Stefani et al.
(2000)
Amazon, Brazil - BM 1.9 0.16 0.08 Greenberg et al.
(2004)
Amazon, Brazil - BM 4.7 0.20 0.04  Greenberg et al.
(2004)
Amazon, Brazil - BM 8.6 0.54 0.06 Greenberg et al.
(2004)
Amazon, Brazil Dry EC 0.4-1.5 - - Muller et al.
(2008)
Amazon, Brazil Wet EC 0.1-0.3 - - Muller et al.
(2008)
French Guyana  Dry CBL 6.1 - - Eerdekens et al.
Suriname (2009)
Costa Rica Wet REA 2.2 - - Geron et al.
(2002)
Costa Rica Dry DEC 2.2 0.29 0.13 Karl et al. [74]
Congo, Africa - A-REA 0.9 - - Greenberg et al.
(1999)
Congo, Africa - LL 0.8-1 — - Klinger et al.
(1998)
Congo, Africa — REA 0.46-1.4 - - Serca et al. (2001)

EC eddy convariance, vDEC virtual disjunct eddy convariance, DEC disjunct eddy convariance,
(A)-REA (airborne) relaxed eddy accumulation, SLG surface layer gradient, MB mass budget,
MLG mixed layer gradient, MLV mixed layer variance, LL leaf level extrapolation, BM box
modelling, CBL convective boundary layer budgeting

estimate was also supported by a simple budget analysis, which assumes that the
isoprene mixing ratio is in steady state with the chemical boundary layer and,
hence, the amount of isoprene emitted and entrained (Fiso) is balanced by the
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amount chemically degraded by oxidants such as OH and Oz at a particular
boundary layer height (z;). The respective flux-to-lifetime relationship can be
described as

Fiso = (kongso) % [OH] + ko,aso) x [03]) x [ISO] x z;. (1)

Solving (1) for OH, Kuhn and co-workers estimate an OH radical concentration
of ~4.5 x 10° molecule cm > using mean observations of isoprene mixing ratios
and fluxes determined using mixed layer gradient measurements. These elevated
OH concentration estimates support the recent, direct, OH concentration
measurements made over Suriname [8]. Increasing the modelled OH concentration
was suggested to remedy isoprene emissions with the observed isoprene
concentrations [80]. Similarly, Karl et al. [81] found during a study conducted
during the dry season in the Amazon that OH modelled in the boundary layer using
a photochemical box model was significantly lower than that calculated using the
mixed layer budget analysis. Karl et al. [81] hypothesised that reactive
sesquiterpenes present at 1% of the isoprene concentration could produce sufficient
OH radicals by ozonolysis (assuming an OH yield of one) that could largely
reconcile the differences in the OH predicted by a zero dimensional detailed
chemical box model and estimates based on the budget analysis.

Pugh et al. [29], using a box model to simulate the atmospheric boundary layer
over the Borneo rainforest, constrained to the measured VOC fluxes [82], found that
the model, rather than overpredict isoprene (as is the case with many of the earlier
emission constrained models), was able to simulate concentrations well, but
underpredicted the measured OH concentration (by two to three times) and over-
predicted the concentrations of isoprene oxidation products of MVK and MACR
considerably (five to ten times) (consistent with findings by Kuhn et al. [80] and
Karl et al. [81]). Increasing the dry deposition velocity of the MVK and MACR
improved the modelled to measured agreement for these species and brought the
modelled OH into better agreement with observations due to a reduction in the
modelled OH sink. Pugh et al. [29] found that increasing OH in the model only
served to reduce the modelled isoprene concentration, with modelled isoprene
concentrations dropping below those observed. Increasing the isoprene emissions
(to greater than observed) to rectify the model underestimation only resulted in a
further re-suppression of OH [29]; Butler et al. [4] report similar findings from
model measurement comparisons undertaken as part of the GABRIEL project. As
discussed in Sect. 2.2, Pugh et al. found that a 50% segregation between OH and
isoprene was able to reconcile inconsistencies between measurements, although in
a later paper Pugh et al. [30] determined the degree of segregation explicitly for
observations conducted during OP3 and concluded that the segregation was not
>15%. These findings highlight that, despite an accurate representation of isoprene
emissions, observations of isoprene, isoprene oxidation products and OH cannot be
fully reconciled, suggesting that there are still gaps in our understanding of isoprene
oxidation chemistry.
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5.1 Isoprene Emissions Inferred from Satellite Measurements
of HCHO

Global and regional biogenic emissions, determined using bottom-up methods
which rely on as yet relatively sparse in-situ concentration data (Fig. 7) and/or
flux measurements extrapolated to regional or continental scales using satellite-
derived land cover, have large associated uncertainties. For example, the annual
global isoprene emission estimated with MEGAN ranges from 500 to 750 Tg
isoprene depending on driving variables such as temperature, solar radiation, leaf
index area and plant functional type [66]. A promising, alternative approach for
assessing global emission inventories and developing global isoprene emission
maps is to use a top-down approach based on satellite measurements of isoprene
oxidation products such as formaldehyde (HCHO). The success of this technique to
predict global isoprene emissions accurately relies heavily on an accurate descrip-
tion of isoprene oxidation leading to the formation of HCHO and upon the OH
concentration, however. The principal sink of isoprene is oxidation by the OH
radical; underestimating OH concentrations will directly affect isoprene and HCHO
concentrations. The method assumes that the HCHO column, Q (molecule cmfz),
observed by satellites, and the sum of HCHO precursor emissions at steady state in
the absence of horizontal transport can be linearly related by

ZYE 2

kHCHO

where kycpo is the first order loss of HCHO from oxidation and photolysis applied
to the column, Ej is the emission of VOC species i and Y; is the HCHO yield from
species i. For isoprene the conversion time to HCHO may be as little as 1 h and the
lifetime of HCHO is of the order of a few hours during the daytime. For reactive
VOCs, such as isoprene, which produce HCHO promptly, transport away from the
point of emission can be considered minimal and, as such, any variability in the
HCHO column can be assumed to be largely caused by variability in isoprene
oxidation rather than transport into and out of the HCHO column. Fu et al. [84]
compared observed HCHO columns from the global ozone monitoring experiment
(GOME) satellite with those simulated using the Goddard Earth Observing System
chemical transport model (GEOS-Chem) constrained to biogenic emissions deter-
mined using MEGAN [66]. Isoprene emissions from east and south Asia inferred
from the satellite measurements were 53 + 30 Tg year™ ' and compared well, on
average, with MEGAN predictions of 56 Tg year ' for the region. MEGAN was
found to underestimate isoprene emissions by a factor of 3 for Chinese mixed
forests and croplands and overestimate emissions from tropical vegetation. Using a
similar approach, Millet et al. [85] studied the spatial distribution of HCHO over
North America, using HCHO column measurements taken from the ozone moni-
toring instrument (OMI), and compared to the bottom-up MEGAN emission
inventory. Although spatially consistent, OMI-derived isoprene emissions were
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found to be between 4% and 25% lower than those predicted by MEGAN on
average. Shim et al. [86] used the GEOS-Chem chemical transport model driven
by the GEIA biogenic emissions database to conduct a global inversion of GOME
HCHO column data. The estimated global isoprene annual emissions were higher
at mid-latitudes and lower in the tropics when compared to the GEIA inventory.
Barkley et al. [87] comparing isoprene emissions derived from HCHO GOME
columns and those derived from the MEGAN inventory found that over South
America MEGAN predicted much higher isoprene emissions than GOME; this
positive bias was found to be larger in the dry season than the wet season. The
mean [OH] from MEGAN and GOME simulations conducted by Barkley et al.
[87] were approximately 1.2—4.5 lower than values observed over the tropical
rainforest in Suriname during the GABRIEL project. Underestimating the OH
oxidation in the GOME model will in turn lead to an underestimation of isoprene
inferred from the observed HCHO column. Additional OH recycled during iso-
prene oxidation could help to resolve quantitatively MEGAN and GOME isoprene
emission estimates [87].

6 Isoprene Oxidation Products

Observations of other isoprene oxidation products such as MVK, MACR and
hydroxyacetone in a number of field studies and comparison with model predictions
also point towards large uncertainties in isoprene oxidation schemes currently
employed. Observed oxygenated volatile organic carbon (OVOC) mixing ratios
are determined by a balance of their production (largely dominated by photochem-
istry) and loss rates (which include reactive loss, dry deposition and vertical
mixing). Pugh et al. [29], for example, found that the model scheme used to assess
chemistry during the OP3 project that took place in the Borneo rainforest greatly
overestimated the sum of MVK and MACR measured and suggested that the dry
deposition rate of these OVOC could be larger than assumed by the model. Karl
et al. [22], comparing observations of MVK + MACR and hydroxyacetone
(measured using PTR-MS) during the Amazonian aerosol characterisation experi-
ment (AMAZE-08) with model predictions, report a factor of 10 underprediction in
the hydroxyacetone/(MVK + MACR) ratio, implying a missing source of
hydroxyacetone in the model. Karl et al. [22] also reanalysed data from five other
field campaigns and found that during all of them, hydroxyacetone mixing ratios
were significantly higher than what would be expected from model predictions
which assume that the major source of hydroxyacetone is an oxidation product of
MACR. Theoretical studies have proposed a primary source of hydroxyacetone
direct from isoprene [88], and laboratory studies have demonstrated a fast second-
ary production which is currently not included in atmospheric chemistry models
[3]. Karl et al. [22] implemented the additional hydroxyacetone pathway
proposed by Paulot et al. [3] extended to low NO, conditions in model runs and
found that the mechanism reproduced well the MVK/MACR ratio observed during
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the AMAZE campaign; the modelled hydroxyacetone/(MVK + MACR) ratio
obtained from the Paulot mechanism was within 50% of observations,
suggesting that fast secondary production could explain 50% of the observed
hydroxyacetone/(MVK + MACR) ratio. The remaining 50% may be related to
the primary production mechanism as suggested by [88]. Karl et al. [22] also
assessed the performance of the recently proposed Leuven mechanism in
reproducing the AMAZE OVOC observations. This mechanism was found to
predict an MVK/MACR ratio of ~10; observed ratios were typically ~1.34
(measured by GC-MS). The Leuven mechanism also significantly underestimated
the sum of MVK and MACR to isoprene ratio. The yields of MVK, MACR and
hydroxyacetone are highly sensitive to the rate of decomposition of the 1,6-H
shift reactions which are proposed to be rapid in the Leuven mechanism (Fig. 4).
Karl et al. [22] found that to reconcile the mechanism of Leuven with the
observed OVOC ratios during the AMAZE campaign would require the 1,6-H
shift reactions decomposition rate and the reverse reaction rates of the Z-1-OH-4-
OO* and Z-4-OH-1-OO* peroxy radicals to be reduced (consistent with the
experimental results of Crounse et al. [46]). Such an adjustment would lead to a
corresponding reduction in the overall HO, yield from the Leuven mechanism,
with an approximate yield of 0.1 HO, and 0.12 OH radicals, just 33% of the
original.

7 OH Reactivity

If, as suggested by Karl et al. [22], the rate of formation of isoprene oxidation
products are underestimated, due to uncertainties in the isoprene oxidation method
employed in models, this will undoubtedly impact the oxidative capacity and OH
reactivity determined by models due to reaction of these OVOCs with OH.
Although the direct radiative forcing of these species is small, their indirect effect
on the lifetime of species such as CH, and their role in the formation of organic
aerosol and tropospheric ozone have an important influence on climate as well as
local and regional air quality [89]. Observations of the total OH reactivity have
been made in a variety of chemical environments [52, 54, 90—101]. In most studies
the observed reactivity is underestimated by models constrained to the measured
OH sink species; this discrepancy is often greatest in regions of high biogenic
activity [52]. Much of this discrepancy may be caused by unmeasured VOCs using
standard observation techniques such as gas chromatography [102]. Chung et al.
[103] found that as much as 45% of the total non-methane organic carbon was
unmeasured during observations in the Los Angeles basin. The discrepancy
increased as the air mass aged, suggesting that the missing organic fraction was
made up largely by oxidation products of primarily emitted VOCs. In contrast to
this, Di Carlo et al. [90] found that the oxidation products of the VOCs observed in a
mid-latitude mixed hardwood forest accounted for <2% of the calculated OH
reactivity and instead suggested that unmeasured primarily emitted biogenic
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Fig. 8 Pie-chart showing the contributions to OH reactivity calculated using a zero-dimensional
box model constrained to the Master Chemical Mechanism for comparison with observations of
OH reactivity made during the OP3 campaign in the Borneo rainforest

VOC:s such as terpenes could account for the missing reactivity. Di Carlo et al. [90]
relied on a heavily lumped model, however.

Sinha et al., [100] determined during measurements taken in Suriname, within
the canopy at a height of approximately about 35 m, an average OH reactivity of
~53 s~ with a peak OH reactivity of 72 & 18 s~'. The calculated OH reactivity
determined from concentration measurements of acetone, acetaldehyde, isoprene,
MVK and MACR made up just 35% of the measured OH sink; the limited dataset,
however, prevented any strong conclusions on the likely missing sink species.
Edwards et al. [52] assessed the measured OH reactivity observed in the Borneo
rainforest using a zero dimensional model based upon MCM chemistry and found
that the model was particularly sensitive to concentrations of unconstrained oxida-
tion products of the observed BVOCs, in particular isoprenal hydroperoxides,
carbonyls and alcohols, highlighting the importance of these species in the chemis-
try controlling oxidation in this environment. This importance of isoprene oxidation
products as a major sink for tropical OH has been suggested previously by Warneke
and Gouw [104], where measured concentrations of MVK, MACR and isoprenal
peroxides above the Amazon rainforest resulted in large reductions in OH
concentrations within a photochemical box model. Edwards et al. [52] demonstrate
from direct measurements of OH and OH reactivity within a tropical rainforest that
as much as 55% of the observed OH loss is potentially through reaction with
unmeasured oxidation products of primary BVOCs. This work highlights the
importance of an accurate description of the isoprene degradation mechanism
within models to understand ultimately the fate of the oxidised isoprene products
and their impact on the oxidising capacity (Figs. 8 and 9).
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8 SOA Formation from Isoprene

The oxygenated products of isoprene may contribute to SOA formation and, as such,
any uncertainty in the isoprene oxidation mechanism will impact model predictions
of SOA. Atmospheric models consistently underpredict organic aerosol mass in both
the boundary layer and aloft [105—111]. This underprediction is not present in model
predictions of black (elemental) carbon, leading to the conclusion that this bias is due
to an underprediction in SOA specifically. Although isoprene is one of the most
abundant hydrocarbons emitted into the atmosphere, second only to methane [63], in
the early 1990s it was concluded that isoprene did not form SOA through gas-phase
oxidation owing to the assumption that SOA only forms when condensable products
reach concentrations exceeding their saturation vapour pressure [112]. In support of
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this, early chamber studies only observed SOA formation from isoprene at
concentrations much greater than ambient levels [113—115]. Kiendler-Scharr
suggests that the presence of isoprene may actually suppress SOA formation from
mono-terpene oxidation [116] owing to the scavenging of OH by isoprene (and the
assumed lack of SOA formation from isoprene oxidation). In contrast, offline field
measurements of organic aerosol in forested areas indicated that isoprene did play a
part in SOA formation [117-123]. Claeys et al. [118] detected considerable quantities
of methyl tetrols which have the isoprene skeleton in organic aerosols from the
Amazon rainforest. The authors estimated that the photo-oxidation of isoprene may
result in the global production of 2 Tg year™' of the polyols, a significant fraction of
the total IPCC estimate of SOA from biogenic sources of 840 Tg year . Laboratory
studies have now demonstrated that absorption into condensed-phase organics could
provide a mechanism for SOA formation from gas-phase species at concentrations
below their saturation vapour pressure [115, 124]. In 2003 Limbeck and co-workers
proposed that isoprene, by direct reaction with acidic particles, was able to contribute
to the formation of humic-like substances that make up 20-50% of the water-soluble
organic aerosols in urban and rural European air [125]. The most recent results from
laboratory and chamber studies indicate that isoprene oxidation can form SOA even
in the absence of a strong seed aerosol [126—128], albeit over longer timescales [129].
Isoprene derived SOA species (e.g. epoxides, tetrols and organosulphates) have now
been measured in chamber studies [35, 123, 130—-132] and observed in the offline
field samples. Kiendler-Scharr et al. [133], by introduction of fully deuterated
isoprene into plant chambers containing non-isoprene emitting poplars, determined
an aerosol mass yield from isoprene of ~2.3%. Online SOA field observations made,
for example, using aerosol mass spectrometry, which provide higher time-resolved
data and permit comparison to gas-phase isoprene oxidation products and fast
changing oxidant concentrations, have recently been reported. During OP3, Robinson
et al. [134] observed that up to 15% by mass of the sub-micron organic aerosol was
observed as methyl furan in the aerosol mass spectrum (AMS) and was assigned to be
representative of isoprene SOA owing to the simultaneous observation of gas-phase
isoprene oxidation products of MVK and MACR. Froyd et al. [135], using online
particle analysis by laser mass spectrometry (PALMS), also observed isoprene-
derived SOA in the form of IEPOX-derived organosulphates, a second generation
oxidation product of isoprene. From this study it was estimated that IEPOX
contributed >0.4% to tropospheric aerosol mass in the remote tropics and up to
20% in regions downwind of isoprene sources [135].

The distribution of isoprene oxidation products depends upon the fate of the RO,
radicals formed. Upon reaction with NO, MVK and MACR and hydroxynitrates
may form; conversely, under low NO, conditions hydroxyhydroperoxides form by
reaction of RO, with HO,. SOA yields under low NO, conditions tend to be higher
than under higher NO, scenarios (~3% yield vs 1-2% yield at higher NO,
concentrations) [128], suggesting that further reactions of the hydroxyhydro-
peroxides can lead to lower volatility products. Surratt and Kroll and co-workers
have found that the oxidation of MACR generates SOA with very similar chemical
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composition to SOA formed from isoprene, suggesting that MACR is an important
intermediate in the formation of SOA from isoprene [128, 131]. Henze and Seinfeld
[136] demonstrated that inclusion of an SOA source from isoprene increased the
SOA yield in global model simulations considerably but the increase alone was not
sufficient to reconcile observations made during the ACE-Asia campaign [106].
Currently a single-step process for SOA formation from isoprene is assumed within
most atmospheric models used to estimate SOA formation [137]. The kinetic study
by Ng et al. [129], however, highlighted the multi-oxidation nature of SOA
formation from isoprene as it was found that most of the aerosol formation observed
only occurred after most of the isoprene was consumed. Carlton and co-workers
[137] suggest that modelling SOA formation from the individual isoprene products
may better reflect the multi-step nature of isoprene oxidation and SOA formation,
but an improved understanding of the chemical mechanisms involved in isoprene
oxidation is needed before this can be implemented.

9 Summary

Uncertainties in the isoprene oxidation mechanism impacts much of the work
currently being pursued in the atmospheric community. Discrepancies in the
modelled-to-measured OH concentration in isoprene rich environments can lead
to overestimations of the methane lifetime and reduction in the rate of VOC
degradation predicted by global models. Global or regional models currently able
to reproduce isoprene observations likely underestimate the flux of BVOC:s into the
atmosphere; this underestimation will impact processes associated with their oxi-
dation, for example, the formation of OVOCs, which can impact OH reactivity
predictions and also SOA production, both of which are currently consistently
underpredicted by atmospheric models in isoprene-rich environments. As carbona-
ceous aerosol strongly influences air quality and climate change, the accurate
mechanism by which isoprene is oxidised to secondary gas-phase species and
ultimately to SOA becomes increasingly sought.

Although earlier modelling studies often reduced isoprene emissions to recon-
cile the modelled isoprene mixing ratio with those observed, a number of
observations of canopy scale fluxes have been reported which support the magni-
tude of isoprene emissions estimated by MEGAN. Perhaps as a consequence of this,
the focus in more recent years has turned to the uncertainties associated with the
isoprene oxidation mechanism itself rather than the estimated emissions. A number
of alternative oxidation schemes have been proposed, some of which are able to
reconcile the modelled OH radical concentration with observations (at times), for
example the Leuven mechanism. It has been highlighted by recent laboratory
studies, however, that the actual amount of OH recycled during isoprene oxidation
may be lower than the Leuven mechanism predicts, and currently there does not
seem to be one mechanism that can fully satisfy all field and laboratory based
observations to date.
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Uncertainty in the rate of deposition of isoprene oxidation products has also been
suggested as a potential source of error in models. Increasing the rate of deposition
of these species which act as important OH sinks could certainly extend the lifetime
of OH and increase radical concentrations. There is no consensus in the current
literature on how fast this deposition should be. Furthermore, increasing the depo-
sition would only increase the discrepancy between OH reactivity observations and
predictions. Although a bias in the measurement technique for OH could explain
the large discrepancy between the direct OH observations and model predictions,
this would not help to resolve the inconsistencies between observations and model
predictions of the ratio of isoprene to its oxidation products, and also the disagree-
ment between isoprene emission estimates based on satellite retrievals of HCHO
columns and those predicted by the most recent emissions inventories. These
discrepancies could certainly be improved, if not resolved, if mechanisms which
generated more OH were implemented in atmospheric chemistry models [80, 81,
87] supporting the direct observations of OH.
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