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Atmospheric oxidation capacity sustained by a

tropical forest

J. Lelieveld', T. M. Butler', J. N. Crowley’, T. J. Dillon’, H.

M. Martinez', D. Taraborrelli' & J. Williams'

Terrestrial vegetation, especially tropical rain forest, releases
vast quantities of volatile organic compounds (VOCs) to the
atmosphere'~, which are removed by oxidation reactions and
deposition of reaction products*®. The oxidation is mainly
initiated by hydroxyl radicals (OH), primarily formed through
the photodissociation of ozone*. Previously it was thought that,
in unpolluted air, biogenic VOCs deplete OH and reduce the atmo-
spheric oxidation capacity>'’. Conversely, in polluted air VOC
oxidation leads to noxious oxidant build-up by the catalytic action
of nitrogen oxides® ' (NO, = NO + NO,). Here we report aircraft
measurements of atmospheric trace gases performed over the pris-
tine Amazon forest. Our data reveal unexpectedly high OH con-
centrations. We propose that natural VOC oxidation, notably of
isoprene, recycles OH efficiently in low-NO, air through reactions
of organic peroxy radicals. Computations with an atmospheric
chemistry model and the results of laboratory experiments suggest
that an OH recycling efficiency of 40-80 per cent in isoprene
oxidation may be able to explain the high OH levels we observed
in the field. Although further laboratory studies are necessary to
explore the chemical mechanism responsible for OH recycling in
more detail, our results demonstrate that the biosphere maintains
a remarkable balance with the atmospheric environment.

Since forests appeared and proliferated during the Devonian per-
iod (approximately 400 million years ago), terrestrial vegetation has
been a major contributor to biomass production. At present, terrest-
rial ecosystems supply more than half the primary production of
carbon, dominated by tropical forests and savannahs''. The carbon
throughput directly affects the atmosphere through the exchange of
carbon dioxide, and forests are a major source of volatile organic
compounds (VOCs). The main class of compounds comprises the
Cs hydrocarbon isoprene (2-methyl-1,3-butadiene) and polymeric
derivates such as C;, monoterpenes and C;s sesquiterpenes.
Annually, plants and trees emit more than a gigatonne of VOC
(equivalent to 10'* g of carbon), of which isoprene contributes about
40%, several times more than anthropogenic sources'™.

The natural VOC emissions serve important biological functions,
for example by attracting pollinators and repelling herbivores. The
biosphere uses the ambient air as a communication and transport
medium, and oxidation of these compounds brings about the con-
centration gradients sensed by insects. The functionality of isoprene
is not fully resolved, although it is known that the molecule sustains
the thermal stability of plant cells, counters drought stress and pro-
motes flowering, and that its emission into the atmosphere is strongly
dependent on light and temperature'>". After release into the air,
isoprene is oxidized within hours by the reaction with OH, the ‘deter-
gent’ of the atmosphere.

The primary formation of OH results from the photodissociation
of ozone by solar ultraviolet radiation in the presence of water
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vapour”. Formation rates are highest in the tropics, where irradiation
is intense and the air often humid®. After the initial reaction of iso-
prene with OH, peroxy radicals are formed that either recycle OH by
reactions with nitrogen oxide (NO) (pathway I) or recombine into
peroxides (pathway II). This is illustrated in Fig. 1, where the per-
oxides are represented by hydrogen peroxide. The peroxides from
pathway II are removed by deposition processes, so that radicals are
lost, whereas the recycling through pathway I comes with ozone
formation.

However, both pathways have disadvantages for the forest. In the
absence of NO in pathway II, the OH radicals and thus the atmo-
spheric oxidation capacity can be depleted. Alternatively, if NO is
present in abundance, pathway I generates photochemical smog in
which ozone and other toxic oxidants become abundant. Because
tropospheric ozone is a powerful greenhouse gas, excess ozone also
contributes to climate change. Obviously, the optimum condition for
the vegetation is a balance between pathways I and II, but on the
basis of the traditional understanding of atmospheric chemistry it is
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Figure 1| OH recycling. Photodissociation of ozone leads to primary OH
formation (straight arrow). Subsequent OH reactions with carbon
monoxide and VOCs produce peroxy radicals. In high-NO conditions OH is
recycled and ozone smog builds up through the catalytic conversion between
NO and NO, (pathway I). In low-NO conditions the deposition of peroxides
(pathway II) causes a net loss of OH. We propose that pathway III with
oxidized VOCs—in particular organic peroxy radicals—is important in low-
NO conditions (dashed arrow). Pathway IV with unsaturated VOCs also
occurs, although our results suggest that it has little influence on
atmospheric OH.
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Table 1| Measured changes in atmospheric chemistry
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Tropical Atlantic

Tropical forest

Boundary layer

Free troposphere Boundary layer Free troposphere

Isoprene (p.p.b.v.) 0.20 (0.20)
o-pinene and B-pinene (p.p.b.v.) —

CO (p.p.b.v.) 89.2 (10.7)
O3 (p.p.b.v.) 14.7 (3.3)
NO (p.p.b.v.) 0.01 (0.01)
CH,0 (p.p.b.v.) 0.52 (0.62)
H>0, (p.p.b.v.) 2.43 (0.95)
Organic peroxides (p.p.b.v.) 0.70 (0.27)
CH3COCHs (p.p.b.v.) 0.47 (0.16)
CH5OH (p.p.bv) 1.27 (0.69)
OH (10° molecules cm™3) 9.0 (4.0)
HO, (108 molecules cm™3) 6.7 (2.3)

— 2.00 (0.76) 0.07 (0.12)
— 0.42(0.11) 0.21(0.08)
100.7 (12.8) 113.9(13.9) 100.8 (21.7)
33.3(11.0) 18.5 (4.6) 36.9 (9.9)
0.01 (0.01) 0.02 (0.02) 0.02 (0.01)
0.34 (0.44) 1.15 (0.86) 0.36 (0.54)
3.59 (1.09) 2.41(1.43) 2.76 (1.37)
0.85 (0.36) 0.96 (0.28) 0.81 (0.25)
0.54 (0.25) 0.81(0.24) 0.59 (0.20)
1.82(0.98) 1.89(0.78) 1.80 (0.70)
101 G.D 5.6 (1.9) 8.2 (3.0
5522 10.5@2.7) 49 Q.0

The results stated are the mean measurements during daytime, with standard deviations in parentheses. The approximate boundary layer height was Tkm over the ocean and 1.5 km over land. The

mixing ratios in the free troposphere are given up to an altitude of 7 km.

difficult to imagine how the atmospheric oxidation capacity could be
supported without excess ozone.

Here we propose that the forest makes use of a third, previously
overlooked, pathway that combines benefits and circumvents draw-
backs (Fig. 1). It appears that in unpolluted low-NO environments
isoprene chemistry can directly recycle radicals (pathway III), and the
degradation products yield OH more efficiently than was assumed in
atmospheric chemistry models. Our hypothesis is based on aircraft
measurements of OH radicals and related species in unpolluted air
over the Amazon rainforest, laboratory measurements and numerical
modelling.

The aircraft measurements were performed in October 2005
between 3—-6° N and 50-60° W over the tropical Atlantic Ocean and
the pristine forests of Suriname, Guyana and Guyane (French
Guiana). Once the coast had been crossed westbound, from the ocean
to the forest, the observed boundary layer changes in atmospheric
chemistry differed greatly from those expected. The concentration of
HO, (OH + HO,) increased by more than 50%, and that of form-
aldehyde increased by a factor of two (Table 1). The concentration of
hydrogen peroxide remained nearly constant, probably because the
higher production rate is compensated by dry deposition, and the
concentrations of organic peroxides were enhanced by nearly 40%,
probably owing to increasing amounts of peroxides of isoprene. The
concentration of methanol increased by about 50%, because of
forest emissions, and that of CO by more than 25%, owing to VOC
oxidation.

Perhaps most impressively, from about 10 km inland the mean
HO, levels and the diel HO, cycle were relatively constant, that is,
over a distance of at least 1,000 km downwind over the forest, even
though local variability can be large. It appears that biosphere—
atmosphere interactions quickly reach a steady state, independent
of topographical heterogeneity and large biodiversity. Our main
finding was that the concentration of OH radicals changed much less
than expected. In the tropical marine boundary layer we typically
measured 9 X 10° moleculescm™ > during daytime, and this
decreased by less than 40% over the forest, despite large increases
in the concentrations of isoprene and other hydrocarbons. Between
the marine and terrestrial free troposphere, the measured differences
in concentrations were small.

These measurements are at odds with the results of global atmo-
spheric chemistry models in which the strong biogenic VOC emissions
unrealistically deplete OH and isoprene consequently accumulates in
the atmospheric boundary layer™'. To circumvent this problem,
atmospheric chemistry modellers typically reduce the strength of the
isoprene source by a factor of two or more. Such model manipulations
hamper the understanding of atmospheric composition changes assoc-
iated with deforestation and air pollution. Furthermore, it is difficult to
imagine how the oxidation capacity was maintained during geological
warm epochs when vegetation was copious and VOC emissions prob-
ably much stronger than they are today.
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To help interpret our results we employed an atmospheric
chemistry model with the Mainz isoprene mechanism (MIM)*'®".
Although the primary OH production pathway was accurately
reproduced, OH concentrations were strongly underestimated. By
testing the MIM against the comprehensive master chemical mech-
anism'® we discovered that simplifications commonly applied in
atmospheric chemistry models, including the lumping of carbonyls,
peroxy radicals and peroxides, caused discrepancies for low-NO
environments. By using a new, extended, version of our mechanism,

MIM2+

Altitude (km)
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Altitude (km)
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Figure 2 | Model calculations (background) and measurements (circles) of
HO, radicals over Suriname (4° N, 56° W) in October 2005. Daytime OH
concentrations (a, b) and ratios of HO, to OH (¢, d). The black dashed lines
delineate the upper bound of convective mixing. In a and ¢ model results are
based on the MIM without enhanced OH recycling, and in b and d on the
MIM2+ with 80% OH recycling.
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the MIM2, we reached close agreement with the master chemical
mechanism, but the total OH formation rate remained too low to
explain the observations.

An important improvement was achieved by including recycling of
OH by reactions of HO, with organic peroxy radicals (RO,) through
pathway III, in accordance with indirect laboratory and field
measurements''. The MIM2 scheme does not include this class
of reactions, because they are not present in the master chemical
mechanism. We performed laboratory experiments, and by direct
detection of OH confirmed a high OH yield of up to ~50% (see
Supplementary Information). Although additional experiments will
be needed to better characterize isoprene degradation, it seems that
several similar reactions may produce OH. Earlier analyses of field
data involving isoprene chemistry also pointed to important discre-
pancies between measured and modelled radical production® .

To test the importance of isoprene-derived peroxy radical reactions
we assumed a total OH recycling efficiency of 40-80% in an extended
mechanism, the MIM2+. The results in Fig. 2 show that the agreement
between the modified model and measurements is good, in contrast
with that found using the original MIM (Fig. 2a). Figures 2b and 3b
show that the MIM2+ realistically simulates the diel OH cycle.
Importantly, the ratio of HO, to OH, which is a critical constraint
on the chemistry mechanism and greatly overestimated in the bound-
ary layer using the original MIM, was improved dramatically by apply-
ing the MIM2+ (Fig. 2¢,d). To illustrate the environmental impact, in
Fig. 3¢ we present the global OH changes in the boundary layer.

In addition to isoprene, the forest releases highly reactive terpenes™.
These contain unsaturated carbon bonds that react with ozone more
efficiently than does isoprene and produce OH, shown by pathway
IV in Fig. 1. We performed sensitivity studies by implementing

a MIM b
OH (108 molecules cm=)

MIM2+

OH (108 molecules cm-3)
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terpene—ozone reactions in the model. Although the OH yield of
several of these VOCs, such as limonene, myrcene and terpinolene,
is close to 100%, their emissions are far too low to increase the con-
centration of OH in the boundary layer substantially. We also added
o-pinene, which is the most abundant monoterpene and reactive
towards ozone, to the model. This resulted in a small OH decrease
because a-pinene also rapidly reacts with OH.

Although it is conceivable that the forest releases substantial
amounts of as-yet-unidentified VOCs***, we believe that their
chemical impact is largely limited to the canopy®® and to the forma-
tion of aerosol particles’. This is substantiated by the modest con-
centrations of reaction intermediates such as formaldehyde and
organic peroxides in the boundary layer and the presence of a haze
layer over the forest. Furthermore, compared to that in the marine
boundary layer, the concentration of ozone even increased by a few
parts per billion by volume (p.p.b.v.) during transport over the forest
(see Table 1), owing to convective mixing with the more ozone-rich
free troposphere, which precludes a strong ozone sink by reactions
with unsaturated VOCs.

Our research thus points to efficient OH recycling in isoprene
chemistry of the order of 40-80%. Nevertheless, additional pathways
to OH cannot be ruled out and it seems likely that a combination of
factors work in the same direction. For example, it is plausible that
multifunctional peroxides, expected products of RO, + HO,, photo-
dissociate more efficiently than is currently assumed, because the
solar radiation absorption of organic peroxides may be spectrally
shifted towards visible irradiances and may thus regenerate OH.
This would allow stronger VOC emissions*>”’, without creating a
discrepancy between the modelled and measured oxidation pro-
ducts, especially if they condense into aerosol particles.

Figure 3 | Difference in OH in the boundary
layer, calculated by including enhanced OH

T e T T — T T T T T 17 recycling in the model. ¢, Percentage difference
5F 5 i 16 in the annual mean OH, as calculated using the
X b | MIM2+ and the MIM (the arrow indicates the
4 L ] 8 I - 15 location of Suriname). a, b, scatter plots between
s F ] s | 1 <14 the amounts of OH respectively observed and
% C ] % . 2 13 modelled in the boundary layer over Suriname in
g 3 PY - Sel p = 12 October 2005, comparing the MIM (a) and the
= F . =z |8 - S MIM2+ (b). The solid lines indicate ideal
2 k ° - F 1 S/ agreement and the dashed lines the +40% range,
¥ E 4 % ] 10 based on the measurement accuracy. Although
1 & | 9 the global model cannot reproduce the observed
N L i PR small-scale variability over Suriname, the
3 5 9 12 15 3 6 9 12 15 7 MIM2+ accurately simulates the mean OH and
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its diel cycle.
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We conclude that the biosphere—atmosphere interactions of tro-
pical forest ecosystems maintain a subtle balance. The forest uses the
ambient air to transport VOCs for communication and defence, and
to dispose of metabolic products while sustaining an auspicious
atmospheric environment without the build-up of toxic compounds.
Rather than depleting the atmospheric oxidation capacity, as was
believed previously, the photochemistry of VOCs over the forest
recycles OH in a manner that does not contribute to photochemical
smog, in contrast to the anthropogenically influenced atmosphere.
Our results show only modest changes in atmospheric oxidation
capacity between the marine and terrestrial boundary layers, and
differences in the free troposphere are minor. The rapid oxidation
by OH of biogenic VOCs that carry sulphur, nitrogen or halogens
prevents the loss of nutrients from the ecosystem, because they are
locally preserved through the deposition of reaction products. The
efficient OH recycling may also explain how the atmospheric oxida-
tion capacity could be sustained in geological warm periods with
abundant vegetation.

Tt is clear that replacing rainforest by agricultural, urban or indus-
trial areas will be associated with enhanced emissions of carbon dio-
xide, carbon monoxide and NO. In the tropical troposphere the
efficient HO,, cycling by NO will strongly enhance photochemical
air pollution, posing an additional threat to the remaining biosphere.
The resultant excess ozone will also contribute to climate change
because ozone is a particularly effective radiative forcing agent in
the tropical troposphere. However, in the absence of external influ-
ence the forest appears to manage its atmospheric sustainability
remarkably well.

METHODS

Field measurement campaign. Our aircraft measurements included OH and
HO, radicals, NO, ozone, speciated VOCs and oxidation products including
ketones, aldehydes and peroxides (see Supplementary Information). The project
took place in October 2005, with the operational base in Suriname (5° N, 55° W).
There October is relatively dry, with rainfall rates of about 100 mm per month
(about half the annual mean), and the regular southeasterly trade winds trans-
port Atlantic air over Guyane, Suriname and Guyana. The region is largely
covered by pristine rainforest and local anthropogenic emissions are insignific-
ant, although the free troposphere is occasionally influenced by long-distance
transport of biomass-burning emissions. Local perturbations from villages along
the coast, small fires or cumulonimbus convection can easily be avoided. This
environment was selected to contrast the background marine atmosphere with
air that travels over the pristine forest for several days under constant meteoro-
logical conditions.

Modelling. We used an atmospheric chemistry and climate model'’ together
with a high-resolution single-column model* and a chemical box model'” (see
Supplementary Information). Biosphere—atmosphere interactions were com-
puted on-line and the NO and isoprene emission fluxes shown to be realistic
for, for example, a rainforest site in the central Amazon®>**. Isoprene oxidation
reactions in the standard model were described using the MIM*'®", which
recycles ~5% of the OH radicals (relative to those consumed in the first isoprene
oxidation step). The MIM was first extended to the MIM2, to closely reproduce
the master chemical mechanism'; the MIM2 recycles ~10% of the OH. An
extended version, the MIM2+, was forced to recycle 40-80% by prescribing
OH yields from reactions between HO, and organic peroxy radicals.
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