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Amplified Trace Gas Removal
in the Troposphere
Andreas Hofzumahaus,1 Franz Rohrer,1* Keding Lu,1,2 Birger Bohn,1 Theo Brauers,1
Chih-Chung Chang,3 Hendrik Fuchs,1 Frank Holland,1 Kazuyuki Kita,4
Yutaka Kondo,5 Xin Li,1,2 Shengrong Lou,1,6 Min Shao,2 Limin Zeng,2
Andreas Wahner,1 Yuanhang Zhang2*

The degradation of trace gases and pollutants in the troposphere is dominated by their reaction
with hydroxyl radicals (OH). The importance of OH rests on its high reactivity, its ubiquitous
photochemical production in the sunlit atmosphere, and most importantly on its regeneration in
the oxidation chain of the trace gases. In the current understanding, the recycling of OH proceeds
through HO2 reacting with NO, thereby forming ozone. A recent field campaign in the Pearl River
Delta, China, quantified tropospheric OH and HO2 concentrations and turnover rates by direct
measurements. We report that concentrations of OH were three to five times greater than expected,
and we propose the existence of a pathway for the regeneration of OH independent of NO, which
amplifies the degradation of pollutants without producing ozone.

The central role of hydroxyl radicals (OH)
in atmospheric chemistry was recognized
by Levy in the early 1970s (1). Since then

it has become more and more evident how OH
radicals govern the degradation processes of
air pollutants. OH radicals are short-lived (<1 s),
and their formation and loss must be essentially
balanced. OH is primarily formed through the
photolysis of ozone, nitrous acid, and hydrogen
peroxide and is consumed by a multitude of re-
actions with trace gases that can be oxidized. In
this way, OH controls the removal of most at-
mospheric pollutants such as carbon monoxide
(CO) and volatile organic compounds (VOCs).
The OH reactions with CO and VOCs produce
hydroperoxy (HO2) and organic peroxy (RO2)
radicals, respectively. In continental air, with ni-
trogen oxides (NOx) present, RO2 is converted
to HO2 through reaction with NO. HO2 further
reacts with NO, thereby recycling OH. The

ultimate loss of OH is the reaction with NO2,
forming nitric acid. These are the key processes
that are believed to determine the self-cleaning
ability of the troposphere (2, 3). OH recycling
enhances the efficiency of atmospheric oxida-
tion, even at moderate NO concentrations. As a
side effect, reactions of HO2 or RO2 with NO
form NO2, which produces ozone upon photol-
ysis. This is the generally accepted, exclusive
mechanism for the photochemical formation
of ozone in the troposphere (4). OH formation
through photolysis, HO2 to OH recycling with
NO, and OH loss with NO2 have been estab-
lished through a small number of well-understood
reactions. In contrast, OH reactions with VOCs
and the subsequent organic radical reactions are
diverse and introduce enormous complexity into
tropospheric chemistry, which is far from being
fully explored (5, 6).

The current understanding of tropospheric
OH chemistry has been tested in a number of
field campaigns, where the concentrations of
OH and trace gases and meteorological param-
eters were observed simultaneously (7). How-
ever, OH observations are still too sparse, owing
to the difficulty of measuring its extremely small
and highly variable concentration, to provide a
conclusive picture of the photochemistry in the
entire troposphere (8–10). More experimental
studies in different chemical environments are
necessary to explore the various factors influ-
encing the self-cleaning capability of the atmo-

sphere. In this paper, we present concentration
measurements of OH and HO2 radicals in China
(11), together with simultaneously measured mix-
ing ratios of atmospheric trace gases and pho-
tolysis frequencies (12) (fig. S1). Complementary
to direct measurements of VOCs, we also mea-
sured the total OH reactivity, k'OH, corresponding
to the inverse chemical lifetime of OH (13, 14).
Our measurements were part of an intense field
campaign in a rural area, about 60 km NW of
Guangzhou City, in the heavily populated Pearl
River Delta (PRD) (12).

The diurnal dependences of the measured
OH and HO2 concentrations and k'OH are shown
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Fig. 1. Diurnal variation of OH, HO2, and k'OH
near Guangzhou in the PRD, China, between 5
and 25 July 2006. Blue symbols denote individual
data, and the thick red line the half-hourly mean
diurnal profile. The enclosing thin red lines rep-
resent the maximum data variability caused by
the measurement instrument (about 46% at
noon), calculated as the sum of the 2s measure-
ment precision and the 2s variability of its cal-
ibration. Campaign average calibration factors were
used to convert measured OH and HO2 signals
into ambient concentrations.
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in Fig. 1. The scatter of individual data points at
a given time of day is caused by instrumental
error (envelope lines in Fig. 1) and the variabil-
ity of atmospheric conditions. In the follow-
ing, we refer to the mean diurnal profiles, which
have an improved measurement precision for
OH and HO2 of about 5%. The most striking
feature is the high average OH concentration
of 15 × 106 cm–3 around noon, which is main-
tained despite a large OH reactivity of about
20 s–1. Most of that OH reactivity can be attri-
buted to the heavy load of VOCs, with a
substantial amount of isoprene, whereas only
about 20% is explained by measured CO and
NOx [supporting online material (SOM) text].
Another remarkable feature is the very high
noontime HO2 concentration, yielding an HO2/
OH ratio of about 100, which is normally
found only in clean air at low concentrations
of NOx (15). Although the air at the PRD was
rich in VOCs, the level of NO at noon was
surprisingly low, with an average of about 200
parts per trillion (ppt).

Figure 2A presents the total OH loss rate,
calculated as the product of the OH concentra-
tion, [OH], and k'OH. The high [OH] coincid-

ing with a large OH reactivity at noontime causes
a loss rate of approximately 40 parts per billion
(ppb)/hour, which corresponds to an equivalent
turnover in CO and VOCs. These values exceed
recent observations in Mexico City (16) by a
factor of 1.7. To maintain a steady state in [OH]
requires an equally large OH production rate.
We find that at the PRD, the OH production
from all known sources cannot balance the large
consumption rate of OH when NO drops to low
values in the late morning (Fig. 2B). For instance,
at noontime the OH recycling rate through the
NO + HO2 reaction is about 8 ppb/hour (Fig. 2A)
and the primary OH production is 4 ppb/hour
only (Fig. 2C). Apparently, the photochemical
mix at the PRD maintains a hitherto unknown
source of OH of about 28 ppb/hour, which is
about two times larger than that of the known
OH production processes displayed in Fig. 2
and sustains a highly efficient removal of trace
gases by OH. This conclusion is based entirely
on measurements and does not depend on mod-
eled parameters.

Additionally, we performed chemical box-
model calculations (12) for OH and HO2, which
are displayed in Fig. 3 as mean diurnal profiles,
together with the experimental data. The model
yields an excellent description of the measured
HO2 for the entire day, indicating that the ratio
of the production to destruction rates of HO2 is
simulated correctly. Concentrations of OH, how-
ever, match only in the early morning to about

10:00; that is, as long as NO remains above
1 ppb. Thereafter, the measured [OH] is signif-
icantly larger than predicted by the model by a
factor of 3 to 5 at low NO levels (<1 ppb). The
discrepancy cannot be explained by the system-
atic experimental and modeling errors of 20 and
40%, respectively (fig. S6), and an experimental
OH interference of the necessary magnitude is
highly unlikely (SOM text). The measured OH
reactivities are well described by the model dur-
ing daytime (fig. S4). This and the failure of
the model to reproduce the observed [OH] cor-
rectly is synonymous with our conclusion from
Fig. 2, that the known OH sources are not enough
to sustain the observed reaction rate of OH with
pollutants.

In further simulations, we extended the mod-
el by various generic radical-production pro-
cesses that might explain the measured diurnal
variations of both OH and HO2. Based on these
model runs, we can exclude additional primary
sources of OH or HO2 to explain the observa-
tions. They would increase both species by a
similar factor, because the partitioning of OH
and HO2 is largely maintained. An additional
source in the model to match the measured OH
would result in a significant overprediction of
HO2. Incidentally, the reaction of excited NO2

with H2O, a recently recognized new OH source
(17), is too small to make a difference in our
model results.

Additional recycling of peroxy radicals to OH
is another way to increase the modeled [OH].
Peroxy reactions such as RO2 + HO2 → a × OH
have been proposed to be a potentially significant
source of atmospheric OH at low NO conditions
(10, 18). Laboratory studies provided a values
up to 0.6 for specific RO2 (19–21). Even at a =
1 for all RO2 species, this process can explain
only 15 to 30% of the additionally required
OH, because most RO2 (70 to 80%) reacts
with NO (100 to 200 ppt) rather than with HO2

(up to 60 ppt; SOM text). Lelieveld et al. (10)
explained unexpectedly high [OH] in an
isoprene-rich, low-NO (~20 ppt) environment,
assuming a = 2 to 4 for the reaction of
isoprene peroxy radicals. In contrast to the
laboratory work, this requires additional pho-
tolysis of reaction products. Again, this
hypothesis cannot explain our observations at
the PRD, given the significantly larger rate of
the competing RO2 + NO reaction. Another
possible path of HO2 to OH by reaction with
halogen oxides (BrO and IO) was observed in
marine air at Cape Verde (22). This route can
be discarded here as highly unlikely, because
the required halogen oxide concentrations
exceed all tropospheric observations, and no
halogen sources were noted at the PRD (SOM
text).

In order to reach the measured [OH] but
maintain the level of observed HO2, the mech-
anism needs to include reactions that as a net
effect convert RO2 to HO2 and HO2 to OH. The
actual chemical mechanism of the proposed OH
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Fig. 2. Analysis of mean diurnal OH production
and loss rates derived from measurements at the
PRD in July 2006. (A) The red line denotes the
total OH loss rate, the blue line the OH recycling
rate from the reaction of HO2 with NO, and (C)
the black line the total primary OH production
rate (POH) from photolysis and ozonolysis pro-
cesses. The major contributions from the photol-
ysis of ozone and HONO are shown by the red
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recycling is not clear. In the most simple case,
there could be two reactions, RO2 + X → HO2

and HO2 + X → OH, both of similar rate, as in
the case of the corresponding NO reactions. An-
other possibility would be reactions with several
reactants, each of which makes a small contri-
bution, summing up to a large OH source. In-
cluding the two reactions with a single reactant
X as formulated above and assuming for X a
reactive equivalent of 0.85 ppb of NO [obtained
from an optimization (12)], the model is able to
reproduce the mean diurnal cycles of both OH
and HO2 at high- and low-NOx conditions dur-
ing daytime surprisingly well (Fig. 3). The cor-
responding radical conversion rates at noon
and in the afternoon are illustrated in Fig. 4 and
fig. S7, respectively, quantifying the important
role of the assumed recycling process for main-
taining a high [OH].

In case of OH recycling with a single species
X, a strong source of X would be required dur-
ing the noon and afternoon hours. It could be
direct emission, conversion from a large reser-
voir, or a recycling process of X. Steps toward
the identification of the unknown OH recycling
mechanism require further field and laboratory
experiments to identify the reactions and chem-
ical species involved, which are missing from
current tropospheric chemistry models.

The existence of an additional radical-recycling
mechanism has a potentially important impli-
cation for our ability to predict the photochem-
ical formation of tropospheric ozone (18). In
the current understanding, in which OH is re-

cycled only by NO reactions, the oxidation of
a CO or VOC molecule with OH can produce
one or up to three ozone molecules, respective-
ly (23). For a high turnover rate of 40 ppb/hour
of OH as observed at the PRD at noontime
(Fig. 2A), the classical mechanism would yield,
with sufficient NO, a net production of ozone
of about 60 ppb/hour. The observed trend of
the mean diurnal ozone profile, however, is
only 2 ppb/hour at noon and shortly thereafter
(Fig. 2B). This suggests that the unknown radical-
recycling process is not likely to produce much
ozone, because the estimated loss by transport
(<2 ppb/hour) cannot dissipate a potential net
production of 60 ppb/hour (SOM text). If we run
the extended model (Fig. 3) and assume that the
proposed recycling mechanism does not form
ozone, we calculate a chemical ozone increase of 7
ppb/hour, which is roughly in line with the
observed ozone trend.

Unexplained high [OH] was observed pre-
viously in the presence of high VOC mixing
ratios and at low to moderate NOx levels in rural
forested North America (9, 24) and above the
tropical rainforest in Surinam (10). In these regions,
biogenic VOCs, mostly isoprene, are abundant
and contribute significantly to the atmospheric
OH reactivity, as in our observations at the PRD
field site. Measured [OH] under clean air con-
ditions (25) (low NOx and low VOCs) and in
highly polluted areas (16) (high NOx and high
VOCs), however, can be explained reasonably
well by current models. Thus, the shortcoming
of photochemistry models by underestimating

tropospheric [OH], seems to apply only to low-
NOx and high-VOC regions, as encountered in
the northern part of the PRD, and thus probably
to large areas where a major portion of natural
VOCs is emitted globally.

Current atmospheric chemistry models pre-
dict large formation of secondary pollutants
such as ozone in strong correlation to trace gas
degradation. Our observations suggest that the
proposed recycling mechanism does not pro-
duce ozone but increases the stability of the
[OH] and amplifies the oxidation capacity in
the troposphere.
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Fig. 4. Generic chart of the chemistry of tropospheric OH radicals. The arrows represent chemical pro-
cesses which generate (P→), remove (→L), or interconvert (A→B) radicals. The width of the arrows scales
with the reaction rates (in parts per billion per hour), given by the numbers in boxes, at 12:00 local time at
Guangzhou in July 2006. Red arrows represent known reaction pathways of the RACM model and blue
arrows the additional recycling processes needed to maintain the observed high [OH]. The total OH loss
rate, k'OH × [OH], corresponds to the sum of arrows OH → HO2, OH → RO2, and OH → LOH. The OH
recycling by NO, kHO2 + NO × [NO] × [HO2], is represented by the red arrow HO2 → OH.
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