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[1] A global chemistry‐climate model is used to assess the
impact on atmospheric composition of the regeneration and
recycling of HOx in the photo‐oxidation of isoprene. The
impact is explored subject to present‐day, pre‐industrial
and future climate/emission scenarios. Our calculations
show that, in all cases, the inclusion of uni‐molecular iso-
merisations of the isoprene hydroxy‐peroxy radicals leads
to enhanced production of HOx radicals and ozone. The
global burden of ozone increases by 25–36 Tg (8–18%),
depending on the climate/emissions scenario, whilst the
changes in OH lead to decreases in the methane lifetime
of between 11% in the future and 35% in the pre‐industrial.
Critically the size of the change in methane lifetime depends
on the VOC/NOx emission ratio. The results of the present‐
day calculations suggest a certain amount of parameter
refinement is still needed to reconcile the updated chemistry
with field observations (particularly for HO2+RO2). How-
ever, the updated chemistry could have far‐reaching impli-
cations for: future‐climate predictions; projections of
future oxidising capacity; and our understanding of past
changes in oxidising capacity. Citation: Archibald, A. T., et al.
(2011), Impacts of HOx regeneration and recycling in the oxidation
of isoprene: Consequences for the composition of past, present
and future atmospheres, Geophys. Res. Lett., 38, L05804,
doi:10.1029/2010GL046520.

1. Introduction

[2] Isoprene (2‐methyl‐1,3‐butadiene) emissions comprise
a major fraction of total biogenic volatile organic compound
(BVOC) emissions. Field and modelling studies estimate that
the natural emissions of isoprene have been fairly constant
over the last decade or so, ∼400–500 Tg C/yr [Müller et al.,
2008]. Owing to the high reactivity of isoprene towards the
hydroxyl radical (OH), model studies invariably implicate
isoprene as a large sink of OH. However, the reactive pro-
ducts formed from the oxidation of isoprene by OH, the

isoprene hydroxy‐peroxy radicals (ISOPOHO2), can inter-
act with oxides of nitrogen (NOx = NO + NO2) resulting
in production of ozone in the troposphere―the main OH
precursor.
[3] Recent field studies in major isoprene emitting regions

such as Amazonia [Lelieveld et al., 2008] and South East
Asia [Hewitt et al., 2010] have found large discrepancies
between modelled and measured HOx concentrations. These
discrepancies are not confined to the tropics, but coincide
with regions impacted by isoprene emissions [Hofzumahaus
et al., 2009; Tan et al., 2001]. The model‐measurement
disagreement is most pronounced where high isoprene
concentrations (>1 ppbv) coincide with low NOx con-
centrations (<1 ppbv). Several theoretical [Peeters et al.,
2009; Peeters and Müller, 2010; da Silva et al., 2010] and
experimental [Paulot et al., 2009] studies have recently
provided new insights into the oxidation mechanism of
isoprene. No doubt, more studies will be required to unravel
its intricacies. However, the work of Peeters et al. [2009]
concerning unimolecular reactions of ISOPOHO2, has
been shown in both box model [Archibald et al., 2010] and
global models [Archibald et al., 2010; Stavrakou et al.,
2010] to improve the representation of low‐NOx isoprene
chemistry.
[4] We use the UKCA global chemistry‐climate model

(http://www.ukca.ac.uk) to explore the impact of including
isomerisation reactions of ISOPOHO2 on the composition
of the atmosphere in the present (2000), pre‐industrial (ca.
1850) and future (2100). There exists a great deal of work in
the literature about the importance of isoprene oxidation in
global chemistry [e.g., Wang and Shallcross, 2000], and
more recently, a great deal of debate towards the issues of
reconciling problems with representing its chemistry in
global models [Lelieveld et al., 2008; Archibald et al., 2010;
Stavrakou et al., 2010]. There are likely to be modifications
to the mechanism of isoprene oxidation as time progresses,
but this work investigates the most important aspect that has
been thus far poorly represented – the regeneration of HOx

radicals through isomerisation reactions of ISOPOHO2.

2. Method

[5] A number of experiments with the UKCA model, run
at a horizontal resolution of 3.75° in longitude × 2.5° in
latitude on 60 hybrid height levels that stretch from the
surface to ∼84 km, were carried out. The model set up is
similar to that described by Telford et al. [2010], with a
chemical mechanism comprising 60 chemical tracers and
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132 photochemical reactions, including the oxidation of
isoprene based on the Mainz Isoprene Mechanism [Pöschl
et al., 2000]. The model’s dynamical core is based on the
Met Office’s Unified Model version 6.1. In each experi-
ment, the model is allowed to run freely with the climate
forced by specified concentrations of long‐lived greenhouse
gases and ozone‐depleting substances, in addition to pre-
scribed sea surface temperatures and sea‐ice coverage from
the HadISST dataset [Rayner et al., 2003]. Stratospheric
chemistry is not calculated explicitly. Instead, the con-
centrations of ozone and NOy above 30 hPa are taken from
the Cambridge 2D model [Law and Pyle, 1993] and are not
changed between experiments, so that the influence of
the stratosphere on the troposphere remains constant. The
results are taken from three‐year integrations following an
18 month ‘spin‐up’ period.
[6] Our modification to the isoprene mechanism follows

that applied in the global model STOCHEM, in the study of
Archibald et al. [2010] (their reactions R24–R26). How-
ever, the representation used in this study differs some-
what from Archibald et al. [2010] as we omit the formation
of the (predicted) highly photolabile hydroperoxy‐aldehyde
(HPALD) and instead assume prompt formation of OH from
both isomerisations of the ISOPOHO2. The two reaction
pathways are represented by equations (1) and (2) (k1 =
4.0 × 10−3 s−1; k2 = 8.0 × 10−2 s−1; MACR = lumped C4
carbonyl; MGLY = methyl glyoxal; HACET = hydro-
xyacetone). The product yields were determined by running
a series of box model experiments and optimising the
product yields to give a reasonable match to the results of
Mechanism 4 of Archibald et al. [2010] for HOx, ozone and
CO. The values used for k1 and k2 come from Archibald
et al. [2010], derived for conditions appropriate for the
tropics. Both k1 and k2 are predicted to have significant
temperature dependence (Peeters and Müller [2010] predict
variations of up to a factor of 3 for a 10 K change in tem-
perature). However, owing to the fact that most isoprene is
oxidised in the tropics (near the surface) where there is small
variation in temperature, it is expected that this simplification
should have only a relatively small impact on the results.

ISOPOHO2 ! OHþMACRþ HCHO ð1Þ

ISOPOHO2 ! 1:0 � HO2 þ 1:0 � MGLY þ 0:65 � HACET

þ 0:6� OH ð2Þ

Six experiments were carried out: a Base run (B) and a
Modified run (M; including the isomerisation reactions
of ISOPOHO2) each subject to Present‐Day (PD), Pre‐
Industrial (PI) and Future (FC) climate/emissions scenarios
(see Table 1 for a breakdown of the emissions), based on the
emissions of Stevenson et al. [2006], Lamarque et al. [2010]
and Dentener et al. [2005] respectively. The future emis-
sions reflect the IPCC B2+CLE scenario. Note the relatively

similar total BVOC emissions, but much lower total NOx

emissions, in the pre‐industrial, compared with the present‐
day. In all cases the amount of CH4 is prescribed (Table 1).
In each period, we assessed the impact of the updated iso-
prene scheme in terms of absolute differences (i.e., M − B)
and percentage differences (i.e., 100 × ((M − B)/B)). We
assessed the changes in the troposphere only and define this
layer based on the lapse rate.

3. Results

3.1. Present Day

[7] In general our base present‐day simulation (PD‐B)
generates results for ozone and CO that are consistent with a
wide range of observations and compare well with other
global models (Figure 1) [cf. Stevenson et al., 2006; Shindell
et al., 2006]. A comparison against ozone‐sonde measure-
ments is shown in Figure 1a (PD‐B indicated by red line and
pink envelope). In general, and in line with the majority of
models [e.g., Shindell et al., 2006], the PD‐B simulation
tends to under‐predict CO in the Northern Hemisphere and
slightly over predict CO in the Southern Hemisphere (red
line in Figure 1b). Including the ISOPOHO2 isomerisation
reactions (PD‐M, indicated by blue line and purple envelope
in Figure 1a) leads to an improvement in the comparison
with ozone for almost all latitude and pressure bands (the
exception being Equator‐30°N, 750 hPa). Likewise, there is
improved simulation of CO and the SH high bias is slightly
reduced in the PD‐M simulation (blue line in Figure 1b).
The levels of OH and HO2 are enhanced by as much as
410% and 225% respectively in certain regions at the sur-
face and up to 75% (for OH) in the zonal mean (Figure 2).
These enhancements are approaching those needed to repro-
duce the high concentrations of OH and HO2 measured in
the tropics [Lelieveld et al., 2008]. Note that the greatest
increases in OH are mainly limited to surface regions in the
tropics, where there are high emissions of isoprene but low
emissions of NOx. Figure 2d clearly shows that surface
increases are propagated throughout the tropical free tro-
posphere. These increases in the free troposphere are driven
by convection in the tropics lifting the products of isoprene
oxidation (such as MGLY in equation (2)) to higher alti-
tudes where rapid photolysis allows enhanced production
of HO2. In our parameterisation of the products of the
ISOPOHO2 isomerisation’s MGLY is included as a major
product. Our PD‐M simulation tends to predict concentra-
tions of MGLY which are comparable but higher (around a
factor of two) than those reported by Fu et al. [2008]. The
exact products following ISOPOHO2 isomerisation’s are in
need of experimental verification. However, our represen-
tation of them as small oxidised compounds known to be
associated with isoprene oxidation should, to first order,
have only a small effect on the results.
[8] In Figure 1c we compare modelled and measured OH

and HO2+RO2 made during the OP3 campaign in Borneo

Table 1. Prescribed Methane Levels (Mixing Ratios in ppmv) and Emissions for the Three Sets of Simulationsa

NO2 CO HCHO C2H6 C3H8 Acetone CH3CHO C5H8 CH4

PI (1860) 34.3 434.7 4.1 10.2 3.7 43.8 6.7 573 0.790
PD (2000) 147 1078.1 6.3 51.1 48.5 65.3 24.2 467.1 1.655
FC (2100) 122.9 1039.5 5.7 45.8 42.3 63.1 22.4 545.3 2.973

aAll emissions are given as global yearly averages in Tg of species emitted. See text for sources of emissions.
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[Hewitt et al., 2010]. The PD‐M simulation (blue line)
clearly improves the comparison between modelled and
measured OH. Reducing the rate of the ISOPOHO2 iso-
merisation’s by a factor of two (green lines) leads to a very
small decrease in the OH enhancement compared with the
PD‐M run. However, it is apparent from analysis of the
HO2+RO2 data that some form of parameter refinement is
needed as the PD‐M mechanism over simulates the amount
of HO2+RO2 by more than a factor of two. We note that this
is not unique to our implementation of the Peeters’ mech-
anism; both Stavrakou et al. [2010] and Whalley et al.
[2011] also present results that show an over‐simulation
of HO2 relative to OH. Globally, the amount of OH in the
troposphere increases significantly (Table 2) leading to a
decrease in the lifetime of methane, of around 14%. The
amount of ozone also increases by some 25 Tg (8%) glob-
ally. This is driven by a reduction in the flux of ozonolysis
and by an increase in the flux through the reaction between
HO2 and NO. The level of enhancement in HOx in the
present study is much greater than that reported by
Archibald et al. [2010] where at most they calculated in-
creases of ∼50%. This can be attributed to an overestimation
in that study of NOx in isoprene rich areas, with the present
results being more in line with the work of Peeters and
Müller [2010] and Stavrakou et al. [2010].

3.2. Pre‐industrial

[9] As in previous studies [Mickley et al., 2001; Lamarque
et al., 2005], our base pre‐industrial calculations (PI‐B)
cannot reproduce the very low concentrations of surface
ozone measured at the turn of the 20th century using the
Schonbein method [Pavelin et al., 1999]. Mickley et al.
[2001] suggested this could be the result of an overestima-
tion of NOx emissions at that time. They also postulated that
increased emissions of reactive BVOCs could contribute,
although Lamarque et al. [2005] have subsequently argued
that this would be inconsistent with our best estimates of
PI emissions. More recently, Parrella et al. [2010] have
reported that the inclusion of tropospheric halogen chemis-
try can help to resolve this.
[10] Like Mickley et al. [2001], we find that the combi-

nation of low levels of NOx and the propensity for isoprene
to react with OH leads to near titration of OH in much of the
continental boundary layer in the tropics and mid‐latitudes
in our PI‐B experiment. When we include the updates to the
chemistry (PI‐M), as with the present‐day, we calculate
significant enhancements in OH and HO2, but in the pre‐
industrial this is to a much greater extent owing to the lower
levels of NOx. We calculate enhancements in OH approach-
ing 1500% in some regions at the surface, and 170% in the
zonal mean (in the tropics near the surface, see Figure 2);
HO2 is enhanced by as much as 300% at the surface and

Figure 1. Comparison of PD results with observations. (a) Comparison with ozone‐sonde data (data from Logan [1999]
and Thompson et al. [2003a, 2003b]). (b) Comparison with surface CO measurements (data from the NOAA GMD network
[Novelli et al., 1998]). (c) Comparison with surface observations made during the OP3 campaign in Borneo. OH data are
measured using Leeds FAGE instrument [Whalley et al., 2010], RO2+HO2 are measured using Leicester PERCA instrument
[Fleming et al., 2006]. In all cases observations are given by black lines and symbols, with the PD‐B data given by red lines
and dots and the PD‐M data by blue lines and dots. Sensitivity simulations are shown in Figure 1c for reducing the rates of
k1 + k2 by half (green lines).
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75% in the zonal mean. Enhanced destruction of CO in the
boundary layer leads to lower levels of CO, and higher
levels of OH, throughout much of the troposphere. Globally,
the increase in OH leads to a 35% reduction in the lifetime
of methane―a very substantial decrease―whilst we calcu-
late an increase in global ozone burden of 36 Tg (18%).

3.3. Future

[11] We explored a reasonably optimistic future‐emissions
scenario (IPCC B2+CLE), in which NOx emissions decrease
but VOC emissions increase. We note that the increased
emissions of isoprene do not reflect the important role that
CO2 inhibition may play in a CO2‐warmed future [Young

Table 2. Tropospheric Burdens of O3, OH and CO for Each
Model Runa

Run
Ozone

Burden (Tg)
OH Burden

(Tg)
CO Burden

(Tg)

PI‐B 194 7.74 × 10−5 347
PI‐M 230 1.16 × 10−4 280
PD‐B 323 1.15 × 10−4 432
PD‐M 348 1.34 × 10−4 404
FC‐B 347 1.04 × 10−4 567
FC‐M 380 1.21 × 10−4 543

aTroposphere defined using lapse rate tropopause (see Figure 2).

Figure 2. Multiannual mean surface (less than 600 m) and zonal changes in OH, CO and O3 between Modified run and
Base run for three climate/emission scenarios. Changes in O3 and CO are expressed as absolute changes (Mod‐Base),
changes in OH presented as percentage changes ((Mod − Base)/Base) × 100. Surface changes shown for PD conditions
only. Zonal plots have the respective height of the tropopause superimposed (thick black dashed line) for each scenario.
(Note figures are clipped in height to focus attention on the effects in the troposphere.)
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et al., 2009]. The results of the base simulation (FC‐B) are
generally similar to the PD‐B simulation, although we
simulate an increase in ozone of ∼32 Tg. Similarly, on
updating the chemistry (FC‐M) we calculate enhancements
in OH and HO2 of as much as 550% and 200% respectively
at the surface and greater than 75% for OH in the tropics
near the surface as a zonal mean (see Figure 2). The
increased HOx then leads to further increases in ozone
burden (32 Tg or ∼9%) and a significant reduction in the
lifetime of methane of ∼11%.

4. Discussion and Conclusions

[12] Implementing updated (low NOx) chemistry for
isoprene has led to large increases in modelled HOx con-
centrations. These increases are largest within the boundary
layer in regions where NOx concentrations are low and
isoprene concentrations are high. These areas are predomi-
nantly found in the tropics. Deep convection in these areas
lifts the products of isoprene oxidation into the free tropo-
sphere and promotes ozone production (mainly through an
increase in the reaction between HO2 and NO). Ultimately,
the modified isoprene chemistry is sensitive to the chemical
environment which can be characterised on a global scale by
the ratio of VOC/NOx emissions. Characterising the global
effects of this modified chemistry by comparing relative
changes in the methane lifetime shows that there is a tailing
off in the importance of the effect, from the pre‐industrial to
a warmer, “cleaner” future. However, the importance of
understanding the evolution in atmospheric composition
should not be underestimated. The changes in ozone burden
(Table 2) (and to a lesser extent methane lifetime) have
bearings on future‐climate predictions, owing to the radiative‐
forcing properties of these greenhouse gases, whilst the
changes in methane lifetime have consequences for projec-
tions of future oxidising capacity, and our understanding of
past changes in oxidising capacity―an area we intend to
explore further. The Peeters mechanism [Peeters et al.,
2009] is unlikely to be the last word on the subject but its
contribution to our understanding of the chemistry sur-
rounding isoprene oxidation at low‐NOx concentrations has
potentially far‐reaching implications. These warrant further
study and validation via model‐measurement comparison
and crucially targeted laboratory experiments aimed at
simulating the conditions encountered in the tropical
boundary layer.

[13] Acknowledgments. We thank two anonymous referees for their
comments of the original manuscript. ATA, NLA, PJT and JAP thank
NCAS climate for funding. JGL’s contribution comprises part of the British
Antarctic Survey Polar Science for Planet Earth Programme, he gratefully
acknowledges the NERC for it support. PSM, AK, LKW, PME and DEH
thank the NERC OP3 project (NE/D002192/1) and NCAS FGAM for fund-
ing. DES and MEJ also acknowledge funding from NERC QUEST
(QUAAC and Deglaciation). We also thank Paul Young for help in prepar-
ing the ozone comparison figure.
[14] Geoffrey S. Tyndall thanks two anonymous reviewers.

References
Archibald, A. T., et al. (2010), Impacts of mechanistic changes on HOx for-
mation and recycling in the oxidation of isoprene, Atmos. Chem. Phys.,
10, 8097–8118, doi:10.5194/acp-10-8097-2010.

da Silva, G., et al. (2010), Unimolecular ßhydroxyperoxy radical decompo-
sition with OH recycling in the photochemical oxidation of isoprene,
Environ. Sci. Technol., 44, 250–256, doi:10.1021/es900924d.

Dentener, F., et al. (2005), The impact of air pollutant and methane emis-
sion controls on tropospheric ozone and radiative forcing: CTM calcula-
tions for the period 1990–2030, Atmos. Chem. Phys., 5, 1731–1755,
doi:10.5194/acp-5-1731-2005.

Fleming, Z. L., et al. (2006), Peroxy radical chemistry and the control of
ozone photochemistry at Mace Head, Ireland during the summer of
2002, Atmos. Chem. Phys., 6, 2193–2214, doi:10.5194/acp-6-2193-
2006.

Fu, T.‐M., D. J. Jacob, F. Wittrock, J. P. Burrows, M. Vrekoussis, and
D. K. Henze (2008), Global budgets of atmospheric glyoxal and methyl-
glyoxal, and implications for formation of secondary organic aerosols,
J. Geophys. Res., 113, D15303, doi:10.1029/2007JD009505.

Hewitt, C. N., et al. (2010), Overview: oxidant and particle photochemical
processes above a south‐east Asian tropical rainforest (the OP3 project):
Introduction, rationale, location characteristics and tools, Atmos. Chem.
Phys., 10, 169–199, doi:10.5194/acp-10-169-2010.

Hofzumahaus, A., et al. (2009), Amplified trace gas removal in the tropo-
sphere, Science, 324, 1702–1704, doi:10.1126/science.1164566.

Lamarque, J.‐F., P. Hess, L. Emmons, L. Buja, W. Washington, and
C. Granier (2005), Tropospheric ozone evolution between 1890 and
1990, J. Geophys. Res., 110, D08304, doi:10.1029/2004JD005537.

Lamarque, J.‐F., et al. (2010), Historical (1850–2000) gridded anthropo-
genic and biomass burning emissions of reactive gases and aerosols:
Methodology and application, Atmos. Chem. Phys., 10, 7017–7039,
doi:10.5194/acp-10-7017-2010.

Law, K., and J. Pyle (1993), Modeling trace gas budgets in the troposphere:
1. Ozone and odd nitrogen, J. Geophys. Res., 98(D10), 18,377–18,400,
doi:10.1029/93JD01479.

Lelieveld, J., et al. (2008), Atmospheric oxidation capacity sustained by a
tropical forest, Nature, 452, 737–740, doi:10.1038/nature06870.

Logan, J. A. (1999), An analysis of ozonesonde data for the troposphere:
Recommendations for testing 3‐D models, and development of a gridded
climatology for tropospheric ozone, J. Geophys. Res., 104, 16,115–
16,149, doi:10.1029/1998JD100096.

Mickley, L., D. Jacob, and D. Rind (2001), Uncertainty in preindustrial
abundance of tropospheric ozone: Implications for radiative forcing cal-
culations, J. Geophys. Res., 106(D4), 3389–3399, doi:10.1029/
2000JD900594.

Müller, J.‐F., et al. (2008), Global isoprene emissions estimated using
MEGAN, ECMWF analyses and a detailed canopy environment model,
Atmos. Chem. Phys., 8, 1329–1341, doi:10.5194/acp-8-1329-2008.

Novelli, P. C., et al. (1998), Distributions and recent changes of carbon
monoxide in the lower troposphere, J. Geophys. Res., 103(D15),
19,015–19,033, doi:10.1029/98JD01366.

Parrella, J. P., et al. (2010), Improved simulation of preindustrial surface
ozone in a model with bromine chemistry, Abstract A31F‐04 presented
at 2010 Fall Meeting, AGU, San Francisco, Calif., 13–17 Dec.

Paulot, F., et al. (2009), Unexpected epoxide formation in the gas‐phase
photooxidation of isoprene, Science, 325, 730–733, doi:10.1126/science.
1172910.

Pavelin, E. G., et al. (1999), Evaluation of pre‐industrial surface ozone
measurements made using Schonbein’s method, Atmos. Environ., 33,
919–929, doi:10.1016/S1352-2310(98)00257-X.

Peeters, J., and J.‐F. Müller (2010), HOx radical regeneration in isoprene
oxidation via peroxy radical isomerisations. II: Experimental evidence
and global impact, Phys. Chem. Chem. Phys., 12, 14,227–14,235,
doi:10.1039/c0cp00811g.

Peeters, J., T. L. Nguyen, and L. Vereecken (2009), HOx radical regenera-
tion in the oxidation of isoprene, Phys. Chem. Chem. Phys., 11, 5935–
5939, doi:10.1039/b908511d.

Pöschl, U., et al. (2000), Development and intercomparison of con-
densed isoprene oxidation mechanisms for global atmospheric model-
ling, J. Atmos. Chem., 37(1), 29–52, doi:10.1023/A:1006391009798.

Rayner, N. A., D. E. Parker, E. B. Horton, C. K. Folland, L. V. Alexander,
D. P. Rowell, E. C. Kent, and A. Kaplan (2003), Global analyses of sea
surface temperature, sea ice, and night marine air temperature since the
late nineteenth century, J. Geophys. Res. , 108(D14), 4407,
doi:10.1029/2002JD002670.

Shindell, D. T., et al. (2006), Multimodel simulations of carbon mon-
oxide: Comparison with observations and projected near future changes,
J. Geophys. Res., 111, D19306, doi:10.1029/2006JD007100.

Stavrakou, T., J. Peeters, and J.‐F. Müller (2010), Improved global model-
ling of HOx recycling in isoprene oxidation: Evaluation against the
GABRIEL and INTEX‐A aircraft campaign measurements, Atmos.
Chem. Phys., 10, 9863–9878, doi:10.5194/acp-10-9863-2010.

Stevenson, D. S., et al. (2006), Multimodel ensemble simulations of
present‐day and near‐future tropospheric ozone, J. Geophys. Res., 111,
D08301, doi:10.1029/2005JD006338.

ARCHIBALD ET AL.: CLIMATE SENSITIVITY TO HOx REGENERATION L05804L05804

5 of 6



Tan, D., et al. (2001), HOx budgets in a deciduous forest: Results from the
PROPHET summer 1998 campaign, J. Geophys. Res., 106, 24,407–
24,427, doi:10.1029/2001JD900016.

Telford, P. J., et al. (2010), Effects of climate‐induced changes in isoprene
emissions after the eruption of Mount Pinatubo, Atmos. Chem. Phys., 10,
7117–7125, doi:10.5194/acp-10-7117-2010.

Thompson, A. M., et al. (2003a), Southern Hemisphere Additional Ozone-
sondes (SHADOZ) 1998–2000 tropical ozone climatology: 1. Compari-
son with Total Ozone Mapping Spectrometer (TOMS) and ground‐based
measurements, J. Geophys. Res., 108(D2), 8238, doi:10.1029/
2001JD000967.

Thompson, A. M., et al. (2003b), Southern Hemisphere Additional Ozone-
sondes (SHADOZ) 1998–2000 tropical ozone climatology: 2. Tropo-
spheric variability and the zonal wave‐one, J. Geophys. Res., 108(D2),
8241, doi:10.1029/2002JD002241.

Wang, K.‐Y., and D. E. Shallcross (2000), Modelling terrestrial biogenic
isoprene fluxes and their potential impact on global chemical species
using a coupled LSM–CTM model, Atmos. Environ., 34, 2909–2925,
doi:10.1016/S1352-2310(99)00525-7.

Whalley, L. K., et al. (2010), The chemistry of OH and HO2 radicals in the
boundary layer over the tropical Atlantic Ocean, Atmos. Chem. Phys., 10,
1555–1576, doi:10.5194/acp-10-1555-2010.

Whalley, L. K., et al. (2011), Quantifying the magnitude of a missing
hydroxyl radical source in a tropical rainforest, Atmos. Chem. Phys. Dis-
cuss., 11, 5785–5809, doi:10.5194/acpd-11-5785-2011.

Young, P. J., et al. (2009), The CO2 inhibition of terrestrial isoprene emis-
sion significantly affects future ozone projections, Atmos. Chem. Phys.,
9, 2793–2803, doi:10.5194/acp-9-2793-2009.

N. L. Abraham, A. T. Archibald, R. C. Pike, J. A. Pyle, and P. J. Telford,
Department of Chemistry, University of Cambridge, Lensfield Road,
Cambridge CB2 1EW, UK. (ata27@cam.ac.uk)
M. C. Cooke, M. E. Jenkin, and D. E. Shallcross, Atmospheric Chemistry

Research Group, School of Chemistry, University of Bristol, Bristol BS8
1TS, UK.
P. M. Edwards, D. E. Heard, and L. K. Whalley, School of Chemistry,

University of Leeds, Leeds LS2 9JT, UK.
A. Karunaharan and P. S. Monks, Department of Chemistry, University

of Leicester, Leicester LE1 7RH, UK.
J. G. Levine, British Antarctic Survey, High Cross, Madingley Road,

Cambridge CB3 0ET, UK.

ARCHIBALD ET AL.: CLIMATE SENSITIVITY TO HOx REGENERATION L05804L05804

6 of 6



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


