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Abstract. Ambient OH and HO2 concentrations were mea-
sured by laser induced fluorescence (LIF) during the PRIDE-
PRD2006 (Program of Regional Integrated Experiments of
Air Quality over the Pearl River Delta, 2006) campaign at a
rural site downwind of the megacity of Guangzhou in South-
ern China. The observed OH concentrations reached daily
peak values of (15–26)× 106 cm−3 which are among the
highest values so far reported for urban and suburban ar-
eas. The observed OH shows a consistent high correlation
with j (O1D) over a broad range of NOx conditions. The
correlation cannot be reproduced by model simulations, in-
dicating that OH stabilizing processes are missing in current
models. The observed OH exhibited a weak dependence on
NOx in contrast to model predictions. While modelled and
measured OH agree well at NO mixing ratios above 1 ppb, a
continuously increasing underprediction of the observed OH
is found towards lower NO concentrations, reaching a fac-
tor of 8 at 0.02 ppb NO. A dependence of the modelled-to-
measured OH ratio on isoprene cannot be concluded from
the PRD data. However, the magnitude of the ratio fits into
the isoprene dependent trend that was reported from other
campaigns in forested regions.Hofzumahaus et al.(2009)
proposed an unknown OH recycling process without NO, in
order to explain the high OH levels at PRD in the presence
of high VOC reactivity and low NO. Taking a recently dis-
covered interference in the LIF measurement of HO2 into ac-

count, the need for an additional HO2 → OH recycling pro-
cess persists, but the required source strength may be up to
20 % larger than previously determined. Recently postulated
isoprene mechanisms byLelieveld et al.(2008) andPeeters
and Müller (2010) lead to significant enhancements of OH
expected for PRD, but an underprediction of the observed
OH by a factor of two remains at low NO (0.1–0.2 ppb). If
the photolysis of hydroperoxy aldehydes from isoprene is as
efficient as proposed byPeeters and M̈uller (2010), the cor-
responding OH formation at PRD would be more important
than the primary OH production from ozone and HONO.
While the new isoprene mechanisms need to be confirmed
by laboratory experiments, there is probably need for other,
so far unidentified chemical processes to explain entirely the
high OH levels observed in Southern China.

1 Introduction

Hydroxyl (OH) and peroxy (HO2, RO2) radicals play an es-
sential role in atmospheric chemistry on local to global scales
(e.g.Brasseur et al., 2003; Monks et al., 2009). Reactions
with the most important atmospheric oxidant, OH, initiate
the chemical breakdown of tropospheric trace gases such as
CO, SO2, NO2, CH4 and other volatile organic compounds
(VOCs). Many of these reactions produce HO2 and RO2,
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which are key intermediates in the formation of secondary,
atmospheric pollutants (Finlayson-Pitts and Pitts Jr., 2000).
Reactions (R1)–(R4) represent examples of HO2 and RO2
forming reactions:

CO+OH → H+CO2 (R1)

H+O2+M → HO2+M (M = N2,O2) (R2)

RH+OH → R+H2O (R = organic group) (R3)

R+O2+M → RO2+M . (R4)

Reactions of peroxy radicals with NO constitute the exclu-
sive pathway for tropospheric ozone formation,

RO2+NO → RO+NO2 (R5)

RO+O2 → R′O+HO2 (R6)

HO2+NO → OH+NO2 (R7)

NO2+hν(λ < 420nm) → NO+O (R8)

O+O2+M → O3+M (R9)

and recombination reactions of peroxy radicals represent
a source of peroxides (H2O2, ROOH).

HO2+HO2 → H2O2+O2 (R10)

RO2+HO2 → ROOH+O2. (R11)

Oxy radicals, RO, produced by Reaction (R5), are gener-
ally converted to oxygenated VOCs (OVOCs), either by fast
reaction with O2 yielding carbonyl compounds, R′O (Reac-
tion R6), or by unimolecular decomposition and isomeriza-
tion reactions (Atkinson, 1997). OVOCs are currently receiv-
ing growing attention in atmospheric chemistry. Firstly, they
may contribute significantly, sometimes 50 % and more to
the organic reactivity in various tropospheric environments,
thereby affecting the atmospheric lifetime of OH (Lou et al.,
2010; Mao et al., 2010; Shao et al., 2009; Steiner et al.,
2008; Emmerson et al., 2007; Yoshino et al., 2006; Lewis
et al., 2005). Secondly, photolysis of OVOCs can be a signif-
icant source of radicals at urban conditions (Emmerson et al.,
2007; Kanaya et al., 2007b; Volkamer et al., 2007; Dusanter
et al., 2009). Thirdly, OVOCs are precursors of secondary or-
ganic aerosols (SOA) which play a distinct role for air qual-
ity and climate (e.g.Hallquist et al., 2009; Kanakidou et al.,
2005).

The atmospheric abundance of OH and HO2, collectively
called HOx, depends critically on primary production pro-
cesses with contributions by photolysis of ozone,

O3+hν(λ < 340nm) → O(1D)+O2(
11,36) (R12)

O(1D)+H2O → OH+OH (R13)

photolysis of nitrous acid and OVOCs, and O3-alkene reac-
tions (Fig.1). Ensuing chain reactions (ReactionsR1–R7,
indicated by red arrows in Fig.1) oxidize CO, VOCs and
NO, but also interconvert ROx radicals (= OH+HO2+RO2).
Radical recycling by Reactions (R5)–(R7) is of particular rel-
evance, as it constitutes a secondary source of OH which
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Fig. 1. Schematic drawing of HOx chemistry, illustrating estab-
lished, major chemical pathways in the troposphere. Radical chem-
istry is initiated by primary radical production (blue arrows) through
photodissociation and ozonolysis reactions and is terminated by
radical recombination reactions forming nitric acid (HNO3), hy-
droperoxides (H2O2, ROOH) and organic nitrates (RONO2). Radi-
cal chain reactions (red arrows) cause cycling between OH, HO2,
and RO2. Reactions of RO2 and HO2 with NO reproduce OH
(secondary OH production) and lead to photochemical formation
of ozone, OVOCs and SOA.

significantly enhances the oxidation efficiency of the tropo-
sphere (e.g.Ehhalt, 1999). Radical recombination reactions
(e.g. ReactionsR10, R11, R14, R15), however, cause chain
termination and suppress the concentrations of OH, HO2 and
RO2 radicals.

OH+NO2+M → HNO3+M (R14)

RO2+NO+M → RONO2+M (R15)

Highly sensitive instruments for in-situ measurement of
HOx became available in the 1990s (Crosley, 1995) and have
been employed in an increasing number of field experiments
to test atmospheric chemical mechanisms over a broad range
of tropospheric conditions. Early studies were carried out
mostly in clean (polar, marine) and moderately polluted (ru-
ral) regions (Heard and Pilling, 2003), whereas many re-
cent investigations were focussed on environments with high
loads of reactive trace gases (Monks et al., 2009). These
include polluted cities and their urban-influenced surround-
ings, as well as forests with high concentrations of biogenic
VOCs. Most urban studies have shown reasonable agree-
ment between modelled and measured OH within a factor of
two when VOCs and NOx were abundant (e.g.Kanaya et al.,
2007b; Shirley et al., 2006; Mihelcic et al., 2003). How-
ever, current models tend to underpredict the observed OH
by up to an order of magnitude at low NOx, when isoprene
reaches mixing ratios of several ppb at the same time. This
trend has been clearly identified in forested regions, such as
in North America (Tan et al., 2001; Ren et al., 2008), over
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the Amazonian rainforest (Lelieveld et al., 2008) and the
tropical forest of Borneo (Pugh et al., 2010; Whalley et al.,
2011). The observations suggest that as-yet-unknown re-
cyling reactions of peroxy radicals constitute a significant
OH source, when NO mixing ratios become small. This
hypothesis is consistent with a budget analysis of HOx in
isoprene-containing urban air near Nashville byThornton
et al.(2002), who supposed that self reactions of peroxy rad-
icals possibly recycle OH, rather than acting as an HOx sink
(ReactionR11).

The above findings from urban and forest studies are
in agreement with our investigation in Southern China
(Hofzumahaus et al., 2009). In summer 2006, we performed
a field campaign in the densely populated Pearl River Delta
(PRD), close to the megacity of Guangzhou in Guandong
province, where atmospheric conditions were strongly influ-
enced by both urban and biogenic emissions. In this sub-
tropical region, air quality has been deteriorating over the
past two decades owing to a fast growing econonomy and
increasing urbanization (Chan and Yao, 2008; Zhang et al.,
2008). At a rural site downwind of Guangzhou, we per-
formed the ground-based field campaign PRIDE-PRD2006
(Program of Regional Integrated Experiments of Air Quality
over the Pearl River Delta, 2006), in order to study the photo-
chemical processing of atmospheric urban pollutants (Zhang
et al., 2012). During the intensive campaign, trace gases,
photolysis frequencies, aerosols, and meteorological param-
eters were measured. The measurements included OH and
HO2, as well as the total OH reactivity,kOH, which is equiv-
alent to the reciprocal atmospheric OH lifetime (Lou et al.,
2010).

On most days, the local atmosphere changed from an
urban-type composition with high concentrations of anthro-
pogenic VOCs and NOx in the morning to an atmosphere
with relatively low NO (0.1–0.2 ppb) and a significant bio-
genic contribution (≈40 %) of isoprene and its oxidation
products tokOH in the afternoon (Lou et al., 2010). The field
campaign data were used to evaluate the OH budget by com-
paring the experimental OH loss rate,kOH×[OH], with the
total OH production rate,P ′

OH, of the known primary (e.g.
ReactionR13) and secondary OH production (ReactionR7)
processes (Hofzumahaus et al., 2009). The OH loss rate was
found to be balanced byP ′

OH in the morning, when HO2 was
efficiently recycled to OH by reaction with NO (1–20 ppb).
However,P ′

OH was significantly smaller (by about a factor
≈3 at noon) thankOH×[OH], when NO decreased to values
below 1 ppb around and past noon, indicating a missing OH
source.

The OH budget analysis was consistent with a comparison
of model and measurement results for OH andkOH. ForkOH,
agreement of measured and modelled values was obtained
within 20 % during the whole daytime, suggesting that the
total reactivity of OH reactants was well determined at high
and low NOx conditions (Lou et al., 2010). In case of OH,
modelled and measured concentrations were in agreement at

high NOx in the morning, but a significant underprediction
of measured OH by a factor 3–5 was found in the afternoon
at low NOx (Hofzumahaus et al., 2009). The model could be
matched to the afternoon OH observations by assuming ad-
ditional NO-independent recycling of OH from peroxy rad-
icals, without impairing the good agreement between model
and measurement results in the morning hours. The interest-
ing question is, whether the missing OH sources postulated
for tropical forests, North American forests, and the densely-
populated PRD region are mechanistically the same.

Butler et al. (2008) and Kubistin et al. (2010) intro-
duced an artificial reaction of isoprene hydroxyperoxy rad-
icals (ISOP) with HO2 (ISOP+ HO2 → nOH) into global
and box models, respectively, to simulate the assumed addi-
tional OH recycling over the Amazonian rainforest. For best
fit to the OH observations, OH yields ofn = 2 andn = 3.2
were required in the respective models. In order to de-
scribe the measured data of OH and HO2 at PRD,Hofzuma-
haus et al.(2009) implemented two hypothetical reactions
(RO2+X → HO2 and HO2+X → OH, both of the same rate
as for the corresponding NO reactions) into a box model. An
NO equivalent of 0.8 ppb was assumed for X to match the
mean diurnal profiles of both HOx species.

Recent model studies have attempted to identify the actual
reaction mechanisms underlying the non-classical (without
NO) OH recycling in forested regions. OH regenerating re-
actions of HO2 with acyl peroxy andβ-keto peroxy radicals,
known from various laboratory studies (Jenkin et al., 2010,
2007; Dillon and Crowley, 2008; Hasson et al., 2004), were
found to increase modelled OH by at most 7 % above trop-
ical rainforests (Peeters and M̈uller, 2010; Stavrakou et al.,
2010; Archibald et al., 2010; Pugh et al., 2010). In addi-
tion, the OH-neutral oxidation of isoprene hydroperoxides to
dihydroxy epoxides, experimentally studied byPaulot et al.
(2009), has the potential to further increase the modelled
OH concentration by up to 25 % in the tropics, depending
on the specific isoprene degradation mechanism being used
(Stavrakou et al., 2010; Archibald et al., 2010). However,
even together the above processes are not sufficient to explain
the factor-of-10 discrepancy between modelled and observed
OH above the Amazonian rainforest.

Based on ab initio calculations,Peeters et al.(2009)
and Peeters and M̈uller (2010) have postulated a new iso-
prene degradation mechanism (Leuven Isoprene Mechanism,
LIM0) which recycles HOx with high efficiency at low NO.
The new mechanism proposes a fast interconversion of iso-
prene hydroxyperoxy radical isomers, some of which un-
dergo fast 1,6-H shift, followed by reaction with O2. This
predominating reaction path is expected to form HO2 and hy-
droperoxy aldehydes (HPALDs). The HPALDs are assumed
to undergo photodissociation at a high photolysis rate, lead-
ing to a net formation of one HO2 and up to three OH radi-
cals. The implementation of the LIM0 mechanism increases
the modelled OH concentrations for the conditions over the
Amazonian rainforest by up to a factor of four, showing
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potential to explain the non-classical OH recycling in re-
gions with high isoprene emissions (Stavrakou et al., 2010;
Archibald et al., 2010).

In the present work, we investigate whether the newly pro-
posed recycling mechanisms can explain the high OH levels
at PRD, where NO concentrations span a broad range (0.02–
10 ppb) and where anthropogenic VOCs are present besides
isoprene. First, we report experimental details of the mea-
surements of HOx during the PRIDE-PRD2006 campaign
and demonstrate the stabilizing effect of the unknown OH
source on the observed OH concentration as a function of the
ozone photolysis frequency,j (O1D), and NOx. We test dif-
ferent recycling mechanisms to investigate their impact on
atmospheric OH and HO2 for the conditions at PRD. The
analysis is complicated by a recently discovered interference
in our HO2 measurements, which are significantly biased by
the detection of specific organic peroxy radicals, such as iso-
prene hydroxyperoxy radicals (Nehr et al., 2011; Fuchs et al.,
2011). The results reported byHofzumahaus et al.(2009) are
revised, accordingly.

2 Methodology

2.1 Measurement site

The measurements presented in this paper took place along-
side a drinking water reservoir in a recreation area called
Guangzhou Backgarden about 60 km northwest of downtown
Guangzhou on 3–30 July 2006. Backgarden is located in
a slightly mountainous area at 23.487◦ N, 113.034◦ E and is
surrounded by farmland, which is mainly covered by tropical
shrubs and economic crops like lichees and peanuts. During
the intensive campaign period, due to the Asian monsoon,
the dominant wind direction was south to south east, making
Backgarden a receptor site for the outflow of urban emissions
from Guangzhou. However, local wind speeds were gener-
ally low (often less than 2 m s−1), which is typical for inland
PRD during summer season and favors accumulation of air
pollutants (Chan and Yao, 2008). During the campaign, the
weather was characterized by high humidity with absolute
water-vapor mixing ratios of 2.5–4 % and high temperatures
of about 28–36◦C.

Besides HOx (see next section), a comprehensive set of
trace gases was measured during the campaign. Table1 gives
an overview of the measured species which are relevant for
this paper and specifies the measurement techniques and their
performance. Further instrumental details can be found in
Lou et al.(2010). The C3–C12 VOCs, measured by online
gas chromatography (GC), are specified in Table2. They in-
clude alkanes, alkenes, aromatics, and isoprene. No in-situ
OVOCs measurements were available; but on some days, the
averaged HCHO and glyoxal concentrations for certain air
masses spanning several kilometers were retrieved by MAX-
DOAS (Li et al., 2012). Most trace gases were sampled at

10 m above ground on top of a building. HOx, kOH, HONO
and meteorological data were measured nearby (30 m dis-
tance) at 7 m height on top of two stacked sea containers. On
the containers, the photolysis frequenciesj (O1D) for Reac-
tion (R12) andj (NO2) for Reaction (R8) were measured by
calibrated filterradiometers. On the nearby building,j (O1D),
j (NO2), j (HONO), j (HCHO) etc. were obtained from so-
lar UV spectra measured by actinic-flux spectroradiometry
(Bohn et al., 2008). Both sets ofj (O1D) andj (NO2) data
were in agreement within 5 %. A summary of the general
conditions encountered during the PRD campaign is given
in Table 3, which presents mean values for the morning
at 06:00–10:00 CNST and afternoon at 12:00–16:00 CNST
(CNST= Chinese Standard Time= UTC+8 h) over the days
when HOx measurements are available.

2.2 Radical measurements

OH, HO2 and kOH were measured by a compact laser-
induced fluorescence (LIF) system built at Forschungszen-
trum J̈ulich, Germany (Fig.2). The technique was initially
developed for measurement of OH (Holland et al., 1995,
1998; Hofzumahaus et al., 1996) and was later extended
by an additional measurement capability for HO2 (Holland
et al., 2003). The LIF instrument used at PRD is a follow-
up version of the earlier system. It is designed to be smaller
and more light-weight than the previous instrument, making
the instrument easier to handle in field applications (e.g.Kl-
effmann et al., 2005; Schlosser et al., 2009). Furthermore,
the newly developed LP-LIF (laser-flash photolysis laser-
induced fluorescence) technique for measurement ofkOH
was implemented (Lou et al., 2010) utilizing the same tun-
able laser source for OH detection. In the following, the LIF
system for HOx detection will be described briefly, explain-
ing the general principle and technical differences between
this and the earlier instrument version.

Radicals are sampled by expansion of ambient air through
an inlet nozzle (0.4 mm orifice, Beam-Dynamics) into a low
pressure (3.5 mbar) chamber, where OH is detected by LIF
at 308 nm. HO2 is monitored in a separate parallel detec-
tion chamber, in which HO2 is first chemically converted to
OH by reaction with injected NO, followed by LIF detec-
tion of OH. It should be noted that the two detection cells
are mechanically connected by a set of laser-baffle arms,
but are separated by a quartz window preventing any pos-
sible contamination of the OH cell by NO from the HO2
cell. The two detection chambers share one dry-vaccuum
pump (IPX500, BOC-Edwards) and are constantly purged by
a background flow of pure nitrogen through the detection cell
(1 slpm; slpm= litre per minute at 1 atm, 298 K) and through
the baffle arms (0.2 slpm). In each detection chamber, the
gas expansion produces a gas beam through the center of
the cell, which is irradiated at right angle by a 308 nm laser
beam (8–10 mm diameter) from a pulsed narrow-bandwidth
UV laser system operated at a repetition rate of 8.5 kHz. The
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Table 1. Instruments for atmospheric trace gas measurements at Backgarden in summer 2006.

Compound Measurement technique Time resolution LOD (1σ ) Accuracy (1σ )

OH Laser induced fluorescence 5 min (0.5–1)×106 cm−3 20 %

HO∗
2

a Chemical conversion
and laser induced fluorescene 5 min (1–3)×106 cm−3 (b)

O3 UV photometry 1 min 0.3 ppb 5 %

NO Chemiluminescence 1 min 50 ppt 7 %

NO2 Photolytical converter
and chemiluminescence 1 min 170 ppt 13 %

HONO LOPAPc 5 min 7 ppt 10 %

CO IR photometry 1 min 4 ppb 5 %

CH4 FTIRd 10 min 0.5 ppm 4 %

C2H6 Canister sample – GCe 10 s 2 ppt 5 %

C2H4 Canister sample – GCe 10 s 3 ppt 10 %

C3−C12 VOCs Online – GCe 1 h 6–70 ppt 10 %

a HO2 measurement contains an uncorrected contribution byRO2; b 20 % by calibration plus contribution byRO2 interference (see text);c Long-path absorption photometry;
d Fourier-transform infrared spectrometry;e Gas chromatography; see measured species in Table2

Table 2. Measured hydrocarbons and their assignment to RACM species.

RACM Measured hydrocarbons

CH4 Methane

ETH Ethane

HC3 Propane,n-Butane,i-Butane, 2,2-Dimethylbutane

HC5 n-Pentane,i-Pentane, Cyclopentane,n-Hexane, 2,3-Dimethylbutane, 2-Methylpentane,
3-Methylpentane,n-Heptane, 2,4-Dimethylpentane, 2,3-Dimethylpentane

HC8 Cyclohexane, Methylcyclopentane, 2-Methylhexane, 3-Methylhexane,
Methylcyclohexane,n-Octane, 2-Methylheptane, 3-Methylheptane,n-Nonane,n-Decane,
n-Undecane,n-Dodecane,

ETE Ethene

OLT Propene, 1-Butene, 1-Pentene

OLI cis-2-Butene,trans-2-Butene,cis-2-Pentene,trans-2-Pentene

ISO Isoprene

TOL Benzene, Toluene, Ethylbenzene,n-Propylbenzene,i-Propylbenzene

XYL o-Xylene,m-Xylene,p-Xylene,o-Ethyltoluene,m-Ethyltoluene,p-Ethyltoluene,
Styrene,m-Diethylbenzene,p-Diethylbenzene, 1,2,3-Trimethylbenzene,
1,2,4-Trimethylbenzene, 1,3,5-Trimethylbenzene

laser wavelength can be tuned, in order to selectively excite
OH electronically on a single OH absorption line, here the
Q1(3) line of the A26+(v′

= 0)−X25 (v′′
= 0) vibronic

band at 308 nm. OH resonance fluorescence emitted between
307 nm and 311 nm is collected by an assembly of large-
diameter fused-silica lenses and narrow-band optical filters
and is detected with a highly sensitive channel photomulti-
plier tube which is mounted perpendicular to the gas beam
and the laser axis. The fluorescence is measured by gated
photon counting using a time delay (≈ 50 ns) to discriminate

the longer-lived OH fluorescence (150 ns lifetime at 3.5 hPa)
from the instantaneous laser stray light (≈ 20 ns duration).
The signals are further corrected for solar straylight, which
enters the measurement cells through the nozzle orifice and
is measured after each laser-pulse in a separate time gate
with a delay of 25 µs. Furthermore, the laser is tuned peri-
odically on- and off-resonance to distinguish the OH fluo-
rescence signal from non-resonant laser excited background
signals (Hofzumahaus et al., 1996). Thus, the OH fluo-
rescence is spectroscopically determined as the difference
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Table 3. Mean values of atmospheric parameters measured from
06:00 to 10:00 CNST and 12:00 to 16:00 CNST at Backgarden dur-
ing 5–25 July 2006, when measured data for OH andkOH were
simultaneously available.

Parameter Mean value

06:00–10:00 12:00–16:00

O3 (ppb) 18 62
NO (ppb) 8.8 0.14
NO2 (ppb) 16.9 1.4
HONO (ppb) 1.5 0.21
CO (ppb) 1140 420
CH4 (ppm)a 2.5 1.9
Ethane (ppb)b 1.5 1.5
Ethene (ppb)b 3 3
Isoprene (ppb) 1.0 1.8
HC3 (ppb)c 6.8 1.4
HC5 (ppb)c 5.3 0.6
HC8 (ppb)c 4.0 0.2
OLI (ppb)c 0.5 0.07
OLT (ppb)c 2.9 0.64
TOL (ppb)c 8.3 1.2
XYL (ppb)c 2.8 0.16
H2O (% abs) 3.3 3
kOH (s−1) 40.6 17.9

Photolysis frequencies (s−1)

O3 → O1D 0.61×10−5 2.6×10−5

NO2 → NO+O 2.9×10−3 6.6×10−3

HONO→ NO+OH 5.3×10−4 1.2×10−3

HCHO→ H2+CO 1.14×10−5 2.9×10−5

HCHO→ H+HCO 0.86×10−5 2.5×10−5

Temperature (◦C) 29.5 33.6
Pressure (hPa) 1001 998

a Fourier transform spectrometer measurements (P. Xie, personal communication,
2010); b Fixed value, from gas chromatography measurements of canister samples;
c See VOC assignment in Table2

between on- and off-resonance measurements. The amount
of detected OH fluorescence integrated over successive laser
pulses can be converted into an ambient radical concentra-
tion, of which the required sensitivity is determined by cali-
bration (see below).

The major technical differences between the present and
previous instrument version is the integration of more com-
pact, light-weight components for the laser system, the
vacuum pumps and the gated photon-counting system and
a more convenient distribution of the 308 nm laser radia-
tion by optical fibres rather than by beam-steering mirrors.
The laser system used in this work consists of an intracav-
ity frequency-doubled tunable dye-laser (Tintura, New Laser
Generation) which is pumped by a frequency-doubled Nd-
YAG laser (Navigator-I, Spectra Physics). The dye laser
uses an intracavity etalon for line narrowing and provides

a stable laser bandwidth (7 GHz at 308 nm). This stability
is an advantage compared to the previously used laser sys-
tem where the bandwidth was very sensitive to laser align-
ment with corresponding need for frequent recalibration of
the HOx measurement. The present laser system provides
up to 100 mW of UV (308 nm) pumped by a laser power of
about 4 W (532 nm). The 308 nm power is distributed be-
tween the HOx detection cells, the LP-LIF instrument and
the wavelength reference cell by means of beam splitters
in a ratio of 60 : 32 : 8. Due to a technical problem of the
frequency-doubling device of the Nd-YAG laser during the
field campaign, the total UV power was reduced to 60 mW
in the beginning, decreasing further to 10 mW towards the
end of the campaign. The laser radiation was delivered by
a 6 m long optical multimode fibre (QMMJ-55HP-UVVIS-
200/240 µ, AMS Technologies) with an effective transmis-
sion of about 50–70 % to the detection cells. In- and outcou-
pling of the laser beam was achieved by AR-coated plano-
convex quartz lenses (f = 25 mm and 50 mm, respectively).
For fluorescence detection, gated channel-photomultipliers
(C1943P, Perkin Elmer) were connected to a gated photon-
counter card (PMS300, Becker und Hickl GmbH) and gat-
ing signals were provided by a digital delay generator (DDG,
Becker und Hickl GmbH) triggered by the laser system. The
dry-vaccum pump (IPX500, BOC-Edwards) is connected to
each detection chamber by separate flexible metal-bellow
tubes (40 mm diameter) including motorized butterfly valves
(MKS153), in order to stabilize the pressure in the cells to
better than±0.1 mbar.

During the PRD campaign, the laser was tuned period-
ically to on- and off-resonance wavelength positions with
integration times of 40 s and 8 s, respectively. Including
some overhead time for laser scanning, a typical time res-
olution of 40–70 s was achieved for the HOx measurements.
The instrument was calibrated with known amounts of OH
and HO2 radicals which were generated in a flow of syn-
thetic air by photolysis of water vapor at 185 nm from a low-
pressure discharge mercury lamp (for details, seeHolland
et al., 2003; Fuchs et al., 2011). The calibration source was
recently tested in intercomparisons against absolute mea-
surement techniques for OH (Schlosser et al., 2006, 2009),
confirming the estimated accuracy (±10 %, 1σ ) of the cal-
ibration method. At PRD, successive calibration measure-
ments showed an unusally large 1σ variability by 8.7 % and
13.6 % for OH and HO2, respectively, from day to day. This
variability is about a factor of two larger than usual and
suggests uncontrolled changes of the instrumental detection
sensitivity. Since no trend was observed in the calibration
data, an average calibration factor was applied for the cam-
paign. The observed variability adds to the calibration un-
certainty which is estimated to be 20 % (1σ ) in total. OH
and HO2 interferences caused by ambient O3 were corrected
by an amount of (6±2)×103 cm−3 and 2×104 cm−3, re-
spectively, per ppb of ozone. The correction was applied as
only ozone dependent. A possible water-vapor dependence
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of the interference is covered by the specified error (±30 %)
of the correction. The calculated interference was gener-
ally small (within the limit of detection) and not important
for the daytime HOx concentrations. The detection limit of
the 5 min averaged OH data is 5× 105 cm−3 before 18 July
2006, afterwards due to a reduced laser power, this number
increased to 1× 106 cm−3; the detection limit of the 5 min
averaged HO2 data is(1−2)×106 cm−3 before 18 July 2006,
(2−3)×106 cm−3 afterwards.

2.3 HO2 measurement interference by RO2

Recent laboratory studies show that our HO2 detection sys-
tem exhibits a significant sensitivity to specific RO2 species,
which are converted to OH by a sequence of NO depen-
dent reactions (Nehr et al., 2011; Fuchs et al., 2011). In
general, RO2 reacts in the gas expansion with the injected
NO as fast as HO2 and forms RO (ReactionR5). In case
of simple alkoxy radicals, RO reacts predominantly with O2
and produces HO2 (ReactionR6). Because of the short re-
action time (few milliseconds) and the strongly reduced O2
number density in the gas expansion, the RO to HO2 conver-

sion is slow and the following production of detectable OH
is marginal. Experimental tests have shown that the corre-
sponding interference by C1–C4 alkyl peroxy radicals is gen-
erally not larger than about 5 % (Stevens et al., 1994; Kanaya
et al., 2001; Tan et al., 2001; Creasey et al., 2002; Holland
et al., 2003; Ren et al., 2004), consistent with the new re-
sults byFuchs et al.(2011). However, in case of RO2 from
OH reactions with alkenes and aromatics, the RO radicals
formed in Reaction (R5) undergo unimolecular reactions and
extremely fast decomposition to HO2. In this case, the NO-
dependent Reactions (R5) and (R7) control the effective rate
of RO2 → HO2 → OH conversion. A significant amount of
RO2 is eventually detected as OH in the HO2 detection cell,
resulting in relative detection sensitivities (αRO2) for specific
RO2 compared to HO2 of larger than 50 % (Nehr et al., 2011;
Fuchs et al., 2011).

ExperimentalαRO2 values for peroxy radicals from se-
lected VOCs of the groups of alkanes, alkenes, aromatics and
OVOCs are shown in Fig.3 (red symbols). They apply to the
instrumental configuration used at PRD (Fuchs et al., 2011).
Relative detection sensitivities for methyl peroxy and ethyl
peroxy radicals are small with 4 % and 7 %, respectively;

www.atmos-chem-phys.net/12/1541/2012/ Atmos. Chem. Phys., 12, 1541–1569, 2012
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) for specific RO2 compared to HO2. The experimental values (red stars) and their 1σ error bars
were determined for the instrument configuration applied at PRD for HO2 detection (Fuchs et al., 2011). Modelled values (blue circles for
MCMv3.1 and green crosses for MCMv3.2) are shown for major VOCs which contributed more than 90 % to the VOC reactivity in PRD.
Original and mechanistic names of the VOCs are shown at the lower and upper x-axis, respectively.

but values are larger for peroxy radicals from cyclohexane
(48 %), simple alkenes (85–95 %), isoprene (79 %), and ben-
zene (86 %). Also the peroxy radicals from the OH reac-
tions with major isoprene degradation products, methyl vinyl
ketone (MVK) and methacrolein (MACR), have significant
αRO2 values of about 60 %.

Model simulations ofαRO2 are also presented in Fig.3
covering the range of major VOCs which contributed more
than 95 % to the VOC reactivity at PRD. The simulations
are based on the Master Chemical Mechanism MCM v3.1
(blue symbols) bySaunders et al.(2003); Jenkin et al.(2003)
and the more recent MCM v3.2 (green symbols;http://mcm.
leeds.ac.uk/MCM/). Both reproduce the trend of the experi-
mental values reasonably well, with improved agreement in
the MCM v3.2 simulation for the peroxy radicals of isoprene,
MACR and cyclohexane.

The HO2 concentration measured by LIF, denoted as
[HO∗

2], is then expected to be the sum of the true HO2 con-
centration and a systematic bias from the mixture of RO2
speciesi which are detected with different relative sensitivi-
tiesαi

RO2
.

[HO∗

2]=[HO2]+6
(
αi

RO2
×[RO2]i

)
(1)

We have not attempted to correct the measured HO∗

2 values in
order to obtain true HO2 concentrations, since RO2 concen-
tration measurements and their speciation were not available.
However, a chemical box model is used to calculate concen-
trations for both HO2 and HO∗

2 (see below). The difference
between these two concentrations can be considered an esti-
mate of the effective instrumental interference from RO2 at
the conditions found at PRD.

2.4 The model

A zero-dimensional chemical box model was used to cal-
culate concentrations of OH, HO2, HO∗

2 and photochemical
products of nitrogen and carbon compounds. In this work,
we call the applied chemical mechanism RACM-MIM-GK
(G = Geiger et al., 2003; K = Karl et al., 2006). It is based on
the Regional Atmospheric Chemical Mechanism (RACM)
(Stockwell et al., 1997) which was upgraded with the iso-
prene degradation scheme byKarl et al. (2006). The latter
scheme is a modified version (26 reactions) of the mecha-
nism byGeiger et al.(2003), who prepared a condensed ver-
sion of the Mainz Isoprene Mechanism (MIM, 44 reactions)

Atmos. Chem. Phys., 12, 1541–1569, 2012 www.atmos-chem-phys.net/12/1541/2012/
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2 at the Backgarden site during PRIDE-

PRD2006 campaign. Experimental values are denoted by red symbols, modelled values by blue lines. Modelled values of HO2 are rep-
resented by cyan lines. The difference between the lines for HO2 and HO∗

2 is the interference by RO2 calculated by the base model
(RACM-MIM-GK). Vertical dotted lines denote midnight.

(Pöschl et al., 2000). The complete mechanism of RACM-
MIM-GK, which has been used before byHofzumahaus et al.
(2009) andLou et al.(2010), is reported in Table S1 in the
Supplement of this paper.

The model calculations were constrained to measurements
of O3, HONO, NO, NO2, CO, CH4, C2−C12 VOCs, pho-
tolysis frequencies, water vapor, ambient temperature and
pressure. Table2 explains the distribution of the measured
VOC species into the lumped RACM-MIM-GK categories.
Concentrations of ethane and ethene were set to fixed val-
ues of 1.5 ppb and 3 ppb, respectively, estimated from a few
canister samples. The H2 mixing ratio was assumed to be
550 ppb. The model was operated in a time-dependent mode
with 5-min time resolution and 2 days spin-up time. An ad-
ditional loss process with a lifetime of 24 h was assumed
for calculated species, in order to represent dry deposition in
the model. The lifetime corresponds to an assumed deposi-
tion velocity of 1.2 cm s−1 and a well-mixed boundary layer
height of about 1 km. Numerical sensitivity tests showed
that the assumed deposition lifetime has a relatively small
influence on the reactivity of the modelled oxidation prod-
ucts (e.g. OVOCs) (Lou et al., 2010). As a result, calculated
OH and HO2 concentrations vary by less than 5 % and 10 %,
respectively, if the deposition rate is changed by a factor of
two. Further sensitivity studies were performed to propagate
the errors from the model boundary conditions and the reac-

tion rate constants of RACM-MIM-GK (Hofzumahaus et al.,
2009) resulting in error estimates of about 40 % for the cal-
culated OH, HO2 and HO∗

2 concentrations (for details, see
Supplement).

For the calculation of HO∗2, we used theαi
RO2

values which
are listed for the major RACM peroxy radical species in Ta-
ble 4. For RO2 from OH reaction with CH4 (methane), ETH
(ethane), ETE (ethene), ISO (isoprene), MVK and MACR,
the experimental data from Fig.3 were used directly. For
HC3, the experimental value of ETH was adopted, because
the model predictedαi

RO2
values are almost equal for the re-

spective peroxy radicals (Fig.3). For HC5 and HC8,αi
RO2

was assumed to be the same as the experimental value for
cyclohexane. For the peroxy radicals of OLI and OLT, the
measured value for propene was used and for the aromatics
TOL and XYL, the measuredαi

RO2
for benzene was applied.

In the following, model runs with the RACM-MIM-GK
are used as a reference which represents the framework of es-
tablished photochemistry with classical, NO-dependent rad-
ical recycling. This base-case is denoted as M0. To ex-
plore possible reaction mechanisms which recycle OH rad-
icals without NO, additional model runs were performed
which incorporate assumed generic reaction pathways (M1–
M2) or newly proposed mechanisms (M3–M6) into RACM-
MIM-GK. Furthermore, the results from RACM-MIM-GK
are compared to model runs based on the detailed MCM v3.1

www.atmos-chem-phys.net/12/1541/2012/ Atmos. Chem. Phys., 12, 1541–1569, 2012
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Table 4. Relative RO2 detection sensitivities (αRO2) used for the calculation of modelled HO∗
2 concentrations.

RACM

Hydrocarbonsa Peroxy radicalsb αRO2 Remark

CH4 MO2 0.04±0.04 exp.c

ETH ETHP 0.07±0.03 exp.c

HC3 HC3P 0.07±0.03 estimated (ethane)d

HC5 HC5P 0.48±0.18 estimated (cyclohexane)d

HC8 HC8P 0.48±0.18 estimated (cyclohexane)d

ETE ETEP 0.85±0.05 exp.c

OLT OLTP 0.95±0.03 estimated (propene)d

OLI OLIP 0.95±0.03 estimated (propene)d

ISO ISOP 0.79±0.05 exp.c

MACR/MVK MACP 0.59±0.07 exp.c,e

TOL TOLP 0.86±0.13 estimated (benzene)d

XYL XYLP 0 .86±0.13 estimated (benzene)d

a See Table2; b Peroxy radicals formed from the OH+hydrocarbon reaction in 1 atm of air;c Experimental value and 1σ measurement error from Fig.3; d Estimated; the experimental
value for the hydrocarbon specified in paranthesis has been adopted. The 1σ error bar includes the experimental error of the specified hydrocarbon and the variability of the calculated
αi

RO2
values in the corresponding RACM group, as shown in Fig.3; e Mean value for MVK and MACR

(M7). An overview of the different model scenarios is given
in Table 5 and the corresponding reaction mechanisms are
listed in the Supplement of this paper. Details and results of
the sensitivity runs are given in Sect.4.3.

3 Results

3.1 Observations of HOx and other photochemical
parameters

During PRIDE-PRD2006, concentrations of OH and HO∗

2
were measured from 5 to 25 July 2006. An overview of
the 5 min-averaged data is shown in Fig.4. Data gaps
were caused by heavy rain during the typhoon BILIS (15–
17 July 2006), by electric power failure (22 July 2006),
and by instrument calibration or maintenance (i.e. 11 and
18 July 2006). The diurnal variations of the observed rad-
icals followed a regular pattern from day to day, with maxi-
mum values around noon. To evaluate the variability of the
daily peak values, mean values of the upper 0.05 percentiles
of OH and HO∗

2 were calculated for each day. Daily
maximum OH concentrations varied from 15× 106 cm−3 to
26× 106 cm−3, while daily maximum HO∗2 concentrations
varied from 3× 108 to 25× 108 cm−3. Significant HOx con-
centrations were measured during nighttime as well. While
individual OH data points lie close to the limit of detec-
tion, hourly averaged nighttime values (at solar zenith an-
gles larger than 90◦) were in the range of 0.2× 106 cm−3 to
5× 106 cm−3 with an error of 0.2× 106 cm−3. When aver-
aged over the whole campaign, the mean nighttime value was
2× 106 cm−3. For HO∗

2 the hourly averaged nighttime val-

ues were in the range of 0.1× 108 cm−3 to 10× 108 cm−3

with an uncertainty of 0.1× 108 cm−3. Over the whole cam-
paign, the mean nighttime value of HO∗

2 was 2× 108 cm−3.
The origin of nighttime HOx will be analyzed in a separate
publication.

In order to characterize the encountered air masses from
a photochemical point of view, time series of important
parameters influencing the radical concentrations are pre-
sented in Fig.5. j (O1D) and j (NO2) showed regular di-
urnal patterns with high noontime values that reached up
to 4× 10−5 s−1 and 1× 10−2 s−1, respectively. Relatively
small daytime values were observed on 15–17 July 2006
when the sky was covered by a dark cloud layer during ty-
phoon BILIS. High concentrations of NO (often more than
10 ppb) were measured in the morning hours, while low con-
centrations below 1 ppb prevailed in the afternoon. Strong
nighttime emissions from diesel engines were identified by
enhanced values of light-absorbing carbon (LAC) measured
at the PRD site byGarland et al.(2008). They found that
the ratio of LAC to CO was hightly variable throughout
the campaign, indicating a complex mix of different com-
bustion sources. Anthropogenic emissions from combustion
activities might be the cause for the morning peak of NO,
whereas a ban of large diesel-powered trucks during day-
time, the enlarged boundary layer height and photochemi-
cal oxidation of NOx may be the reason for the low NO
concentrations in the afternoon. The diurnal characteristic
of NO2 is similar to that of NO, but large concentrations
of NO2 often appear near midnight probably produced by
titration of O3 with freshly emitted NO. Ozone showed an
anti-correlated diurnal variation compared to NO2. Peak val-
ues of O3 mostly appear around noon or afternoon hours,

Atmos. Chem. Phys., 12, 1541–1569, 2012 www.atmos-chem-phys.net/12/1541/2012/
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Table 5. Chemical mechanisms used in box model simulations of HOx for PRIDE-PRD2006.

Simulation Chemical mechanisms∗

M0 RACM-MIM-GK (base case) mechanism byKarl et al.(2006)

M1 as M0, with generic recycling reactions added as proposed
by Hofzumahaus et al.(2009):
RO2 + X −→ HO2 and HO2 + X −→ OH

M2 as M0, with a single generic recycling reaction added:
HO2 + Y −→ OH

M3 as M0, with additional OH-forming channels in reactions of
acyl peroxy+ HO2 andβ-keto peroxy+ HO2 reactions

M4 as M3, with the OH-reforming mechanism byPaulot et al.(2009),
in which reactions of OH with isoprene hydroxyhydroperoxides
produce epoxides and prompt OH

M5 as M4, with the LIM0 scheme byPeeters and M̈uller (2010)
incorporated, in which isoprene hydroxyperoxy radicals produce
prompt HO2 and HPALDs, followed by HPALDs photolysis.
Two variants are tested:
a: HPALDs+ hν −→ OH+ HO2 + products
b: HPALDs+ hν −→ 3 OH+ HO2 + products

M6 as M3, with OH-formation from the reaction of isoprene hydroxyperoxy
radicals with HO2 as proposed byLelieveld et al.(2008)
andButler et al.(2008). Two variants are tested:
a: ISOP+ HO2 −→ 2OH+ products
b: ISOP+ HO2 −→ 4OH+ products

M7 MCMv3.1(Saunders et al., 2003; Jenkin et al., 2003)

∗ A detailed description and a listing of the mechanisms M0–M6 can be found in the Supplement of this paper.

indicating local photochemical ozone production (Lu et al.,
2010). Relatively high concentrations of HONO were ob-
served at the PRD site during early morning hours (about
1 ppb) and noon time (about 200 ppt). Details of the HONO
budget are discussed byLi et al. (2011). CO concentrations
had typical noontime values around 400 ppb. Spikes in the
CO data set indicate scattered sources and inhomogeneities
of the advected air mass. This is consistent with observed
biomass burning activities close to the site and in the PRD
region as a whole.

Since the site is located in a forested region, large isoprene
concentrations can appear during daytime. As discussed by
Lou et al. (2010), daily peak isoprene concentrations were
correlated to the wind direction. For the prevailing southerly
wind direction, the air had to travel over a large water reser-
voir and daily peak isoprene concentration were typically 1–
2 ppb. For northerly wind directions (13–14 July and 23–
25 July 2006), emissions from nearby plants or agriculture
fields could directly influence the site and daily peak iso-
prene concentrations approached 5–6 ppb then. A biomass
burning event on 23–25 July 2006 was identified by analysis
of measured optical aeorosol properties (Garland et al., 2008;
Rose et al., 2010). Thus, the high isoprene concentration dur-
ing this event could also have been caused by stress-induced
plant emissions.

3.2 Base-case model results for HOx

Model calculated results (M0) for OH and HO∗

2 are com-
pared to the measured time series in Fig.4. For OH, the
base-case model shows diurnal patterns that are systemati-
cally different from the observations. During morning hours,
modelled and measured concentrations always agree well,
while in the afternoon the model underestimates the observed
OH by a factor of 2 to 8. On the other hand, observations of
HO∗

2 are much better reproduced by the model. This pic-
ture using the full time resolution of observed data is consis-
tent with what has been reported previously (Hofzumahaus
et al., 2009) using diurnally averaged boundary conditions
for modelling (see also Fig. S1 in the Supplement). It is in-
teresting to note that the measured total OH reactivity,kOH,
is reproduced well to within±20 % by the model during day-
time (Lou et al., 2010). The agreement exists in the morning
and afternoon, and is independent of how well the model de-
scribes the OH concentration. Since the model simulates the
total OH sinks (expressed bykOH) quite well, the large dis-
crepancies between modelled and measured OH in the after-
noon indicate missing OH production in the model.

The model has been used to simulate both ambient HO2
and measured HO∗2, which are shown in Fig.4 for com-
parison. The difference between the two quantities can be

www.atmos-chem-phys.net/12/1541/2012/ Atmos. Chem. Phys., 12, 1541–1569, 2012
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Fig. 5. Time-series of measuredj(O1D), j(NO2), NO, NO2, O3, HONO, CO and isoprene at PRD Backgarden from 5 July to 25 July 2006.
Vertical lines denote midnight.

considered a model estimate of the HO2 interference from
ambient RO2. It is quite small during morning hours, while
it becomes larger in the afternoon going along with notable
day to day variability. On average, the model estimated in-
terference is about 30 % at daytime. It should be noted that
this estimate is model dependent and has a large uncertainy
since the model cannot reproduce the observed OH correctly
(see Sect.4.3).

The radical budget of HOx and the related ROx is ana-
lyzed in Figs.6 and7 using chemical turnover rates deter-
mined by the base model (M0). Figure6 shows the mean
diurnal profiles of the production and loss rates of ROx. Dur-
ing daytime, the primary OH production,P(OH), and pri-
mary HO2 production,P(HO2), were the dominant part of
P (ROx). O3 and HONO photolysis reactions constituted
the major part ofP(OH), while HCHO photolysis (about
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50

Fig. 6. Production (a) and loss rates(b) of ROx radicals
(= OH+ HO2 + RO2) calculated with RACM-MIM-GK (M0).
Panel (a): breakdown of the primary ROx production resulting
from photolytic processes and ozonolysis.P(OH), P(HOx), and
P(ROx) denote total, primary production rates of OH, HOx, and
ROx, respectively. Panel(b): breakdown of the ROx loss caused
by radical termination reactions. The brown solid line denotes the
loss rate by OH+NOy, the black solid line by OH+ NOy and
RO2 + NOx, etc. The total ROx loss rate is given byL(ROx) which
is equal in magnitude toP(ROx) shown in panel(a). Legends: the
expressions embedded in square brackets represent the correspond-
ing chemical conversion rates.

3–4 ppb h−1 during noon time) dominatedP(HO2). The next
important processes were the photolysis of dicarbonyls in-
cluding gloxyal (GLY),α-carbonyl aldehydes (MGLY) and
unsaturated dicarbonyls (DCB). In the early morning, HONO
photolysis was the most important primary source of HOx,
which contributed 60–70 % ofP (HOx) between 07:00 and
08:00 CNST. A recently proposed new primary OH source,
the reaction of excited NO2 with H2O (Li et al., 2008), has
been examined as well. The photolysis frequency for the pro-
duction of excited NO2 was calculated from measured actinic
flux spectra, assuming that excited NO2 is formed beyond
the photodissociation threshold (420 nm) up to wavelength
of 700 nm with unity quantum yield. The estimated radical
production rate from this channel was only about 0.1 ppb h−1

at 08:30 CNST (SZA= 60◦) which is almost negligible at our
conditions. As indicated by the overlapping grey dashed and
red solid lines in Fig.6a, the total ROx production is balanced
by equally large ROx sinks,L(ROx), in the model. As shown

by Fig.6b,L(ROx) is dominated in the morning by OH reac-
tions with odd nitrogen compounds and RO2 reactions with
NOx yielding nitrates and PANs. In the afternoon, self reac-
tions of HO2 or RO2 and cross reactions between HO2 and
RO2 are dominant.

In Fig. 7a, b, the rates of OH reactions yielding HO2 and
RO2 are specified. As discussed for the correspondingly
measuredkOH (Lou et al., 2010), half of the OH loss can be
explained by the measured trace gases given in Table1 and
half by modelled daughter products of isoprene, alkenes and
aromatics. OH→ HO2 conversion is mainly caused by re-
action of OH with CO and formaldehyde throughout the day.
During early morning hours, the total OH→ RO2 conversion
rate is dominated by oxidation reactions of alkenes (propene,
butenes, pentenes) and aromatics (styrene, toluene, xylenes,
trimethylbenzenes), while it is dominated by isoprene and its
degradation products in the afternoon. This is reflected in the
RO2 speciation within different NOx regimes (see Fig. S2
and Table S8, Supplement).

Recycling rates for RO2 → HO2 and HO2 → OH are spe-
ciated in Fig. 7c, d, respectively. RO2 → HO2 conver-
sion is dominated by NO reactions with MO2, ISOP and
MACP. Here, MO2 is predominantly formed from oxida-
tion of methane, isoprene and alkenes. Figure7d shows that
HO2→OH recycling (red line) is mainly caused by the reac-
tion HO2 + NO (blue line). It is nearly balanced by HO2
formation through OH→ HO2 plus RO2 → HO2 reactions
(dark red line), demonstrating that the HO2 budget is mainly
controlled by cycling reactions rather than by primary pro-
duction and termination reactions. Furthermore, it can be
noted that the total peroxy radical formation rate, i.e. the sum
of R(OH→ HO2) and R(OH→ RO2) (violet dashed line)
agrees most of the day with the recyling rate HO2→OH.
A relative large difference is found only in the afternoon, in-
dicating inefficient recycling to OH in the ROx propagation
implemented in the base model, consistent with the analysis
of L(ROx) in Fig. 6b.

4 Discussion

HOx concentrations observed during PRIDE-PRD2006 are
the highest so far reported for urban and suburban environ-
ments at summer time (Table6). In Mexico City (located at
a similar latitude and also in a developing country) relative
small HOx concentrations were observed. Among the other
cities, which are located in developed countries like US, Eu-
rope and Japan, measurements at Nashville and New York
City showed relative high HOx concentrations that approach
the levels of PRD. One reason for the high radical concen-
trations at PRD is the strong subtropical insolation leading
to large radical production rates by photolysis (cf. Fig.6a).
In fact, the mean noontimej (O1D) value was larger dur-
ing PRIDE-PRD2006 than during other campaigns listed in
Table6. The meteorological conditions and high precursor
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Fig. 7. Radical conversion rates (red−) of (a) OH→ HO2, (b) OH→ RO2, (c) RO2 → HO2, and(d) HO2 → OH, calculated with RACM-
MIM-GK (M0). The cumulative contributions of dominating reactions are presented as explained in Fig.6. Panel(d): total OH loss and total
HO2 production, both confined to radical conversion reactions, are displayed by the dotted violet and solid brown lines, respectively.

concentrations (e.g. O3, water vapor, HONO) favored large
HOx radical concentrations. Taking into account the high
mean OH reactivity of 20 s−1 observed at Guangzhou dur-
ing daytime, the large measured OH concentrations indicate
exceptional intense photochemistry in Southern China. The
significant model underprediction of OH in the afternoon
(Fig. 4) implies that the known OH sources alone cannot ex-
plain the high OH daytime values. In order to characterize
the missing chemical processes that sustain the high experi-
mental OH values, the discrepancies between modelled and
measured OH will be investigated in the following discussion
as a function of other atmospheric parameters.

When comparing the reported HO2 values in Table6, it
must be kept in mind that the data from different campaigns
were measured by similar LIF techniques, which all rely on
chemical HO2 conversion. It is likely that the interference
from specific RO2 species, described in Sect.2.3, has influ-
enced all LIF measurements of HO2 compiled in Table6.
Since the abundance and speciation of RO2 is certainly dif-
ferent for the various campaigns, a relatively large, not well
quantified uncertainty has to be attached to the HO2 compar-
ison among different locations.

4.1 j(O1D) and NOx dependence of OH

A high correlation between OH andj (O1D) was observed
over the whole range of atmospheric conditions during the
PRD campaign, with a linear correlation coefficient ofr2

=

0.81 (Fig.8a). In past campaigns, similar high correlations
were observed (Rohrer and Berresheim, 2006, and reference
therein), but at conditions with much lower VOC reactivities.
For limiting cases with low or high NOx concentrations, the-
oretical explanations were attempted using reaction schemes
with a simplified VOC chemistry (e.g.Poppe et al., 1995).
But even for the limiting cases in the steady state calculation
of OH, the role of other photolysis processes (e.g. of HCHO
and NO2) is clearly visible and should in principle disturb
the linear correlation between OH andj (O1D). Ehhalt and
Rohrer(2000) performed a detailed analysis of this relation-
ship based on observational results derived during the POP-
CORN campaign in rural Germany. They showed that the
observed correlation of OH andj (O1D) is just fortuitously
linear, resulting from the combined influence of all pho-
tolytic processes on OH, which are highly correlated among
themselves. According to this analysis, a power-law func-
tion with an exponential parameter close to unity is more
suitable. Based on the analysis of a five year OH dataset,
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Table 6. Noontime maxima of measured HOx concentrations at urban and suburban sites during summer time. All the cited radical
measurements were performed by LIF techniques.

OHa HO2
a,b j (O1D)c

Site Month, year (106 cm−3) (108 cm−3) (10−5 s−1) Reference

Los Angeles (34◦ N) Sep 1993 5–7 1.4–2 – George et al.(1999)
Berlin (52.9◦ N) Jul–Aug 1998 4–8 2–8 1.5 Holland et al.(2003)
Birmingham (52.4◦ N) Jun 1999 2–9 1.5–10 1.5d Emmerson et al.(2005)
Nashville (36.2◦ N) Jun–Jul 1999 7.5–20 2.5–20 3e Martinez et al.(2003)
New York Cityf (40.7◦ N) Jun–Aug 2001 3–33 0.8–10 2.5 Ren et al.(2003)
Mexico Cityf,g(19.4◦ N) Apr 2003 8–13 5–20 3.4h Shirley et al.(2006)
London (51.7◦ N) Jul–Aug 2003 1–6 <0.5–2 1–2a Emmerson et al.(2007)
Tokyo (35.6◦ N) Jul–Aug 2004 5–13 0.7–14 2.5 Kanaya et al.(2007b)
Houston (29.7◦ N) Aug 2000 ≈18 ≈7 3.0 Mao et al.(2010)
Houston (29.7◦ N) Sep 2006 ≈14 ≈10 3.0 Mao et al.(2010)
Guangzhou (23.5◦ N) Jul 2006 15–26 3–25 3.5 This work

a Range of reported daily noontime maxima;b ObservedHO2 values by LIF instruments uncorrected forRO2 interferences (see Sect.2.3); c Mean noontime value;d Value from
a single day (Harrison et al., 2006); e Value from a single day (Thornton et al., 2002); f The radical concentrations in this table is 1.64 times larger than that reported originally
according toMao et al.(2010).; g Located at about 2240 m above sea level;h Scaled to be 1.36 higher than in New York City during summer 2001 (Ren et al., 2003) as stated in
Shirley et al.(2006)

a simple empirical model was constructed to describe this
relation (Rohrer and Berresheim, 2006):

[OH] =a×(j (O1D)/10−5s−1)b +c (2)

The pre-exponential coefficient,a, incorporates the con-
densed information of the chemical conditions (e.g. NOx
or VOCs) at a certain location. Exponentb reflects the
combined effects of all photolytic processes (i.e.j (O1D),
j (NO2), j (HONO), j (HCHO)). These photolytic processes
either play a role in primary production processes of HOx
radicals or influence its recycling processes. Finally, the
offset parameterc accounts for non-photolytic OH sources.
When applied to the scatter plot in Fig.8a, a Levenberg-
Marquard fit yieldsa = 5.6× 106 cm−3, b = 0.68 andc =

2.3× 106 cm−3, providing a parameterized description for
the PRD conditions.

For comparison to other campaigns, a linear fit is more ap-
propriate, since often only linear coefficients are published.
The disadvantage in using linear coefficients is a short-
fall in the description of twilight conditions for OH. The
slope of a linear fit to the PRIDE-PRD2006 observations
is 4.0× 1011 s cm−3 and the offset 2.4× 106 cm−3. In the
marine boundary layer, reported slopes are relatively low,
≤ 2× 1011 s cm−3 (Berresheim et al., 2003; Brauers et al.,
2001; Smith et al., 2006), while in continental regions re-
ported values lie in the range of (2–4)× 1011 s cm−3 (Hol-
land et al., 2003; Rohrer and Berresheim, 2006; Ehhalt and
Rohrer, 2000). The slope for PRIDE-PRD2006 is at the up-
per limit of previous continental field observations, which
again indicates an intense photochemical activity in the PRD
region.

The model simulation (M0) cannot reproduce the high cor-
relation between measured OH andj (O1D). Unlike the ex-

perimental scatter plot (Fig.8a), the plot of calculated OH
versus measuredj (O1D) is split into two groups of data
forming a “V”-like shape (Fig.8b). The upper branch cor-
responds to morning hours, when modelled and observed
OH are in good agreement (cf. Fig.4). The lower branch of
the “V” represents afternoon data, when the model severely
underpredicts OH. One major difference between the two
branches is the level of NOx, which was high in the morn-
ing and low in the afternoon (Table3). Interestingly, the
empirical relationship between measured OH andj (O1D)
is not only compact in both NOx regimes, but both subsets
of data also overlap completely (Fig.8a). Apparently, some
unknown chemical mechanism which is missing in the base
model stabilizes the ambient OH concentration. A similar
tendency was noticed for a measured five-year OH record at
Hohenpeissenberg, where the observed correlation between
OH andj (O1D) was more stable and compact than could be
explained by a chemical box model (Rohrer and Berresheim,
2006).

For inspection of the OH dependence on NOx, we remove
the strong influence ofj (O1D) by normalization as shown in
Eq. (3).

[OHJnorm] =
[OH]

j (O1D)
×j (O1D) (3)

Here, j (O1D) denotes the mean value of thej (O1D) data
set. To avoid using conditions during twilight for reasons dis-
cussed above, the data in this normalization analysis are re-
stricted toj (O1D) larger than 1× 10−5 s−1. The NOx depen-
dency of observed and model calculated OHJnormare denoted
as small dots in Fig.8c, respectively. In addition, trend lines
are shown that were obtained by averaging OHJnormconcen-
trations over equal ln([NOx]/ppb) intervals of 0.5.
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Fig. 8. Correlation of OH withj(O1D) and NOx at PRD backgarden. Panels(a, b) show the measured and modelled (M0) dependencies of
OH onj(O1D). The black line in panel(a) represents a Levenberg-Marquard fit to Eq. (2). The measured and modelled dependencies on
NOx are shown in panel(c) denoted by red and blue symbols, respectively. Here, the OH data were first selected byj(O1D) > 1×10−5 s−1

and then normalized toj(O1D) (see text), denoted as OHJnorm. The solid lines give the averaged values of the measured (red) and modelled
(blue) OHJnormover equally spaced ln([NOx]/ppb) intervals. Modelled curves for the scenarios M1, M2, M5b, M6b can be found in Fig. S3.

The mean measured OHJnorm is almost constant over the
displayed NOx range, showing a broad curvature with a rel-
ative maximum of about 15× 106 cm−3 at 3–4 ppb NOx
(Fig. 8c). In contrast, the model simulation predicts a steady
increase of OH from low values at less than 1 ppb NOx to
a maximum OH concentration at 10–20 ppb NOx. At the
high end of observed NOx values the set of modelled OH
data points overlaps with the measured data, while the av-
eraged data (solid lines) suggest different trends of mod-
elled and measured OH towards higher NOx. If we ex-
trapolate the model curve for increasing NOx at otherwise
fixed conditions, we find that OH has a maximum concen-
tration between 10 to 20 ppb NOx and decreases thereafter
(not shown). Since we have no corresponding OH obser-
vations, it remains open how well OH can be modelled at
PRD at very high NOx. The theoretically predicted NOx de-
pendence of OH is a result of two counteracting processes
(Ehhalt, 1999; McKeen et al., 1997; Poppe et al., 1993; We-
instock et al., 1980). At low NOx, OH increases with NO
due to the recycling by HO2 + NO, whereas at high NOx,
OH decreases as a result of the OH reaction with NO2. This
theoretical behaviour was confirmed for relatively clean ru-
ral air at POPCORN, where a nonlinear dependence with a
maximum at 1 ppb NO2 was found in good agreement for
measured and modelled OH (Ehhalt, 1999). The different
behaviour of modelled and measured OH at PRD indicates
that besides NOx andj (O1D) other, yet unknown parameters
may also strongly influence OH.

4.2 NO and isoprene dependence of the measured-to-
modelled OH ratio

To gain further insight into the shortcomings of the base
model calculation M0, the ratio of measured-to-modelled
OH, OHobs/OHmod, has been inspected as a function of NO,
CO, VOCs andkOH. A notable trend is found only for

NO and isoprene (Fig.9a, b), with correlation coefficients
r = −0.77 andr = 0.48, respectively. Figure9a displays
a strong NO dependence of OHobs/OHmod with a smooth
transition from ratios of about 8 at 0.02 ppb NO to unity ra-
tio at NO mixing ratios larger than 1 ppb. This indicates that
chemical processes are missing in the model which compete
with NO dependent reactions and become dominant at low
NO.

With respect to isoprene, two data clouds around 1 ppb and
3 ppb of isoprene are visible in Fig.9b. For the combined
data set, a weak positive correlation between OHobs/OHmod
and isoprene seems to exist. No correlation is found for other
investigated parameters. For example, indicators of anthro-
pogenic activities like CO (especially from biomass burning)
or benzene clearly show no correlation with OHobs/OHmod
(Fig. 9c, d). Neither did we find a dependence on the total
OH reactivity, nor a correlation with the VOC reactivity (not
shown).

Figure10a offers a more detailed inspection of the rela-
tionship between OHobs/OHmod and isoprene by color cod-
ing the data according to the concurrently measured NO
mixing ratios. It can be seen that part of the trend of
OHobs/OHmod vs. isoprene can be attributed to an anticor-
relation between NO and isoprene. Isoprene was generally
lower in the morning when NO was high and reached high-
est values in the afternoon when the NO mixing ratio was
small. When the data in Fig.10a are selected for low NO
(< 0.5 ppb), no significant trend with isoprene is found (red
circles). Thus, the weak positive correlation in the whole data
set between OHobs/OHmod and isoprene seems to be a con-
sequence of the different NOx levels of the two data clouds
around 1 ppb and 3 ppb of isoprene. Given the small dynamic
range of isoprene and the influence of NO, a functional de-
pendence on isoprene cannot be postulated on the basis of
our PRD data.
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Fig. 9. Measured-to-modelled OH ratios, OHobs/OHmod, plot-
ted versus the mixing ratios of(a) NO, (b) isoprene,(c) CO, and
(d) benzene. The data have been filtered forj(O1D) ≥ 1×10−5 s−1

and are presented as individual data points (crosses) and in box-
and-whisker style (the bottom and top of the boxes mark the lower
and upper quartiles, respectively), horizontal lines denote median
values, and the lower and upper whiskers the minimum and max-
imum values, respectively. Correlation coefficients,r, between
OHobs/OHmod and the logarithmic values of NO, isoprene, CO and
benzene are shown in corresponding panels as well.

A model underprediction of measured OH concentrations
by up to an order of magnitude has been reported for forested
areas, which are characterized by isoprene emissions and low
NOx (Tan et al., 2001; Ren et al., 2008; Lelieveld et al., 2008;
Pugh et al., 2010; Whalley et al., 2011). Figure10b com-
pares our OHobs/OHmod ratios with the results from these
other studies. For this purpose, we use the PRD data se-
lected for low NO (< 0.5 ppb) from Fig.10a (red circles).
The magnitude of the measured-to-modelled OH ratios of our
study agree well with those from previous investigations, i.e.
above deciduous forest in North-America during PROPHET
(Tan et al., 2001) and INTEX-A (Ren et al., 2008), above
the Amazonian rainforest during GABRIEL (Kubistin et al.,
2010) and the Borneo rainforest during OP3 (Whalley et al.,
2011). When all data sets are combined, a consistent trend
of an OH model underprediction with increasing isoprene
seems to emerge, as pointed out previously byRen et al.
(2008) andKubistin et al.(2010).

While the experimental OH data from the different cam-
paigns were measured by similar LIF techniques, differences
exist in the chemical models that were applied for the OH
simulations. Four different chemical mechanisms were used:
RACM-MIM-GK for our study, RACM supplemented with
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Fig. 10. The observed-to-modelled OH ratio as a function of iso-
prene at PRD backgarden(a) and its comparison to ratios reported
from other field campaigns(b). Panel(a): the individual data
points from Fig.9b are color coded according to concurrently mea-
sured NO mixing ratios. The red open circles are average values of
OHobs/OHmod over equally spaced ln([isoprene]/ppb) intervals for
NO lower than 0.5 ppb. The error bars denote the variability within
each NO interval. Panel(b): the averaged values from panel(a) (red
open circles) are compared to OHobs/OHmod ratios reported from
PROPHET (1998), INTEX (2004), GABRIEL (2006), and OP3-I
(2008). Here, the error bars denote the stated measurement accura-
cies (2σ ) of OH.

a detailed isoprene chemistry and explicit ozonolysis of ter-
pene (Tan et al., 2001) for PROPHET, MIM (Pöschl et al.,
2000) for GABRIEL, and a lumped mechanism described
by Crawford et al.(1999) for INTEX-A. For OP3, OH was
calculated by an analytical equation with experimentally de-
termined parameters under photostationary steady-state as-
sumptions. The trend in Fig.10b is apparently independent
of the specific model used for OH prediction. It suggests that
an OH source mechanism is missing in current models which
is related to biogenic emissions or to their photochemical
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daughter products. Anthropogenic VOCs made also a sig-
nificant contribution to the OH reactivity at PRD (Lou et al.,
2010), but their variability is too small to allow a positive
identification of an influence on the OH model underpredic-
tion at PRD.

4.3 Model modifications to explain the observed HOx

4.3.1 Additional radical recycling

In a previous study,Hofzumahaus et al.(2009) compared
the experimental OH loss rate (kOH × [OH]), calculated
from measured concentrations and reactivities of OH, with
the major known OH sources from photolysis of O3 and
HONO (POH) and radical recycling (kHO2+NO[NO][HO2])
for PRIDE-PRD2006. The OH loss and production rates
were found to be balanced in the morning when HO2 was
efficiently recycled to OH, but a significant OH source was
missing in the afternoon at low NO. Several generic reaction
pathways were tested that may explain the mismatch within
the OH budget. In that paper, observed OH and HO2 con-
centrations were utilized as target parameters for compari-
son with the model results. The most simple candidate for
a new reaction pathway, which quantitatively explains the
observations, was RO2 + X −→ HO2 in combination with
HO2+X −→ OH (Table5, M1). This is the same type of re-
actions as those of peroxy-radicals with NO. Assuming rate
constants as for the NO reactions, a concentration of 0.8 ppb
was needed for X to match the mean diurnal profiles of both
HOx species.

Since then, a strong interference in the HO2 measurements
by LIF from RO2 was discovered (Fuchs et al., 2011, see
Sect.2.3). For this reason, the published results of the PRD
campaign concerning the HOx budget have to be reevalu-
ated. The previous major conclusion was that the recycling
term kHO2+NO[NO][HO2] in the OH budget was too small
to explain the observed total OH loss rate. Since the inter-
ference of HO2 by RO2 has one direction, namely the en-
largement of HO∗2 with respect to the true HO2, the conclu-
sion that additional OH recycling is missing in the model is
still valid. Furthermore, the arguments made for the selec-
tion of the generic reaction terms with X still hold. However,
a formerly excluded generic reaction type, a single reaction
HO2+Y −→ OH (Table5, M2), has to be reconsidered. Be-
fore, M2 was ruled out, because the modelled HO2 became
much smaller than the measurement (HO∗

2) when the simu-
lated OH was matched to the observed OH. Since ambient
HO2 is smaller than HO∗2 and we have no experimental con-
straint on RO2, results from model M2 can now be matched
to the observations of both OH and HO∗

2.
Figure11 shows the mean diurnal variations of the mod-

elled OH, HO2, HO∗

2 and RO2 calculated by the RACM-
MIM-GK model without (M0) and with additional radical
recycling (M1, M2). The results for OH and HO∗2 are also
compared to the measured data. In case of M0, there is agree-

ment between modelled and measured OH in the morning,
but a large discrepancy exists in the afternoon as discussed
previously (Hofzumahaus et al., 2009). The modelled HO∗2
is about 30 % larger than the modelled HO2 and is in very
good agreement with the measurement (HO∗

2). Yet, even the
modelled HO2 is not significantly different from the mea-
surement, given the combined experimental and model un-
certainties (Hofzumahaus et al., 2009).

In model runs M1 and M2, the concentrations of the un-
known reactants X and Y were optimized for half-hourly bins
to achieve a best fit to the observed OH in the time interval
10:00–18:00 CNST (Fig.11). Agreement is also achieved
for modelled and measured HO∗

2 within the combined uncer-
tainties. Thus, both types of additional recycling scenarios
(M1, M2) provide acceptable generic solutions to describe
the observed HOx data.

The effect of the additional recycling (M1, M2) on the
OH chain length, defined as the ratio of the recycling rate
(HO2 → OH, RO2 → OH) andP(OH), is to maintain the
length at an almost constant value (about 10) during daytime,
whereas the chain length drops to much lower values (1–2) in
the afternoon if no additional recycling is assumed (Fig. S4).

Regarding the M1 case, the modelled HO∗

2 is about 30 %
larger than the modelled HO2 like in the base case (M0). In
both cases, the RO2/HO2 ratio is close to one and about half
of the RO2 species contribute significantly to the interfer-
ence in the measured HO2. In the M2 calculation there is
a huge difference of more than an order of magnitude be-
tween modelled HO2 and HO∗

2. The reason are very large
calculated RO2/HO2 ratios with values of 10–60 and cor-
responding ISOP/HO2 ratios of 2–15 during the afternoon
hours. The large difference of the RO2/HO2 ratios between
mechanism M1 and M2 would be a tool to distinguish which
recycling type provides a more realistic description. How-
ever, experimental data of RO2/HO2 ratios are not available
for PRD and are also generally scarce in literature. In pre-
vious campaigns, Matrix Isolation Electron Spin Resonance
(MIESR) has been applied to measure directly peroxy radi-
cals in forested and suburban environments. RO2/HO2 ratios
were observed to vary from< 1 to 5 (Mihelcic et al., 2003).
The ratio RO2/HO2 has also been investigated by measure-
ment techniques that apply chemical conversion, including
LIF, peroxy radical chemical amplifiers (PERCA) and chem-
ical ionization mass spectrometry (CIMS). Here, ratios of
4–15 were reported for a remote mountain site in Colorado
(Stevens et al., 1997), < 1–9 for a rural area near Berlin
(Platt et al., 2002), about 0.5 for a rural area in Pennsylva-
nia (Ren et al., 2003), 1–3 for the free troposphere above
Burkina Faso (Andrés-Herńandez et al., 2010), about one
for a remote mountain site in Italy (Hanke et al., 2002) and
< 1–2 for the polluted outflow from Mexico City and Asian
countries (Hornbrook et al., 2011). As reported byFuchs
et al.(2011) andHornbrook et al.(2011), HO2 measurement
techniques like LIF or CIMS are susceptible to interferences
from specific RO2 radicals that are produced by atmospheric
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Fig. 11. Comparison of measured and modelled concentrations of OH and HO∗
2 for three mechanistic scenarios (M0, M1 and M2). Pan-

els (b), (d) and(f) show the modelled values of HO2 and RO2 as well. The fitted concentrations of the generic species X (scenario M1)
and Y (scenario M2) are presented as NO equivalents in panel(g), and model results for peroxy radicals (ISOP, ISOP+MACP, total RO2) in
panel(h).

oxidation of alkenes, dialkenes like isoprene, and aromat-
ics. Thus, the reported RO2/HO2 ratios determined by these
techniques were probably underestimated. Furthermore, to
our knowledge, the RO2/HO2 ratio has never been deter-
mined experimentally for conditions like in this study with
kOH well above 15 s−1. In conclusion, previously reported
values of ambient RO2/HO2-ratios do not allow to choose
between scenarios M1 and M2.

The proposed reactions with X or Y are the two most sim-
ple generic mechanisms that allow to reproduce the observed
OH and HO∗

2 concentrations. The reactions could either be
real and involve an unidentified compound, or represent the
overall effect of a more complex mechanism. Besides re-
actions of HO2 with organic species, which are investigated
in Sect.4.3.2, one could think of HO2 reactions with halo-
gen oxides (YO= BrO or IO). The influence of these species
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Fig. 12. Comparison of measured and modelled concentrations of OH(a) and HO∗
2 (b), HO2 (c), and RO2 (d) for six different mechanistic

scenarios: M0, M3, M4, M5a, M5b, M6, M7. The results for each radical species are not distinguishable among the model runs M0, M3 and
M4 (differences are within the thickness of the lines).

on atmospheric HOx has been demonstrated for clean ma-
rine air (Read et al., 2008; Kanaya et al., 2007a; Bloss et al.,
2005). For example, mean concentrations of 2.5 ppt BrO and
1.5 ppt IO observed at Cape Verde were found to enhance
daytime OH by 5–12 % through the reactions HO2+YO →

HOY+O2 followed by HOY+hν → OH+Y (Read et al.,
2008) The largest reported halogen oxide concentrations in
the troposphere, 200 ppt BrO above the Dead Sea (Tas et al.,
2005) and 20 ppt IO over sea-ice surfaces in coastal Antarc-
tica (Saiz-Lopez et al., 2008) have HO2 reactivities which
correspond to 0.5 ppb and 0.2 ppb of NO, respectively. These
values are too small compared to the required reactivities of
X (equivalent of∼ 0.8 ppb NO) or Y (equivalent of∼ 5 ppb
NO) displayed in Fig.11. Since no particular halogen source
was noted in PRD and as the required halogen oxide concen-
trations exceed all tropospheric observations, halogen oxide
reactions are unlikely the missing OH source. Another spec-
ulative mechanism resembling HO2+Y → OH would be sur-
face catalyzed conversion of HO2 to OH on aerosols. This
mechanism can be excluded due to the limitation in the HO2
uptake as discussed further below (Sect.4.3.3).

4.3.2 Mechanistic chemistry updates

As outlined in the introduction, a number of new chemical
mechanisms have been proposed recently to explain the large
model underprediction of OH observed in forested areas.
Here, we test how well these OH regenerating mechanisms
explain the discrepancy between modelled and measured OH
at PRD. An overview of the tested mechanisms M3–M6 is
given in Table5. In addition, we show model results of the
detailed MCMv3.1 (M7), which contains a more explicit de-
scription of the VOC chemistry compared to RACM-MIM-
GK (M0). The corresponding model results for OH, HO2,
HO∗

2 and RO2 and the measured OH and HO∗

2 data are com-
pared for M0 and M3–M7 in Fig.12.

First we note that the results from MCMv3.1 (M7) agree
well with the reference model (M0) especially at afternoon.
This demonstrates that the OH underprediction by RACM-
MIM-GK is not specifically caused by the lumped represen-
tation of the VOC chemistry, but is a fundamental deficit in
our current understanding of tropospheric chemistry.

The implementation of additional OH formation from the
reaction of HO2 with acyl peroxy andβ-keto peroxy radicals
(Hasson et al., 2004; Jenkin et al., 2007; Dillon and Crow-
ley, 2008) (M3) and with epoxide peroxy radicals (Paulot
et al., 2009) (M4) has only a marginal impact on the modelled
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concentrations of OH, HO2, HO∗

2 and RO2. For each species,
the modelled curves (Fig.12) of the different scenarios M0,
M3 and M4 are virtually indistinguishable. The reason for
the small sensitivity to the RO2 + HO2 reactions is the dom-
inating influence of the competing peroxy radical reactions
with NO given average mixing ratios of more than 0.2 ppb
NO at PRD.

The mechanisms M5 and M6 calculate significantly larger
OH concentrations than M0. The model M5 includes the
isoprene chemistry LIM0 postulated byPeeters and M̈uller
(2010), whereas M6 contains additional OH formation by
reaction of ISOP with HO2 as proposed byLelieveld et al.
(2008) andButler et al.(2008). Both mechanisms contain an
“amplification” factor generating additional radicals within
the radical recycling processes. In the LIM0 mechanism, am-
plification is achieved by the photolysis of HPALDs, which
are assumed to have a yield of about one OH and one HO2
(M5a), or alternatively up to three OH plus one HO2 (M5b).
The M6 scenario has two variants with yields of two (M6a)
and four (M6b) OH radicals. Among the different M5 and
M6 scenarios, M5b gives the largest increase of modelled
OH by about a factor of two in the afternoon, relative to
the M0 calculation. However, there is still a significant gap
compared to the experimental data. The model explains only
40–50 % of the measured OH values during the afternoon at
PRD, while it reproduces 70–90 % of the observed OH for
the GABRIEL and INTEX-A campaigns (Stavrakou et al.,
2010). In scenario M6b modelled OH increases on average
by a factor of 1.7 in the afternoon, reaching only 30–40 % of
the observed OH concentration. The same mechanism, how-
ever, was able to explain the GABRIEL and OP3-1 results
by increasing the modelled OH by up to an order of mag-
nitude (Lelieveld et al., 2008; Kubistin et al., 2010; Pugh
et al., 2010). The different OH enhancements for PRIDE-
PRD2006 and GABRIEL using M5b or M6b are caused by
the different levels of NO, which were an order of magnitude
larger at PRD compared to the Amazonian rain forest. At
PRD, the competing peroxy radical reactions with NO de-
crease the sensitivity to radical amplification that is postu-
lated in the mechanisms M5b and M6b. On the assumption
that M5b and M6b represent mechanisms with maximum
possible OH recycling efficiency from isoprene peroxy radi-
cals, we may conclude that the unknown OH source at PRD
is not solely connected to isoprene. There may be another,
unidentified OH production mechanism which possibly in-
volves oxidation products from other VOCs and/or unknown
species X or Y.

The M5 and M6 scenarios calculate HO∗

2 values that are
larger than in the base case and overpredict the observed data
by a factor 1.2–1.4. The modelled RO2 is close to the corre-
sponding HO2 concentrations at daytime, so that the RO2 to
HO2 ratio seems to be relatively independent of the chemical
mechanisms used (M0, M3–M6). Table S8 in the Supple-
ment shows that the relative contributions of speciated RO2
radicals is not responding very much to changing OH con-

centrations. Thus, the difference between modelled HO2 and
HO∗

2 is 20–40 % for M3–M6, close to the 30 % difference in
M0.

The overprediction of HO∗2 is still within the model error
of 40 %. Nevertheless, it could also be an indication that
a sink process for peroxy radicals is missing in the model.
In a similar case,Whalley et al.(2011) report an overpredic-
tion of HO2 when they implement additional OH recycling in
their model to explain OH observations in Borneo. They sup-
pose that the mismatch between modelled and measured HO2
points to a yet unknown additional HO2 loss mechanism. A
possible HO2 sink, which is not included in our model runs
(M0–M7), is heterogeneous loss on particles. The potential
role of this process is discussed below.

4.3.3 Heterogeneous radical loss

HO2 radicals may be lost by heterogeneous uptake onto
aerosol particles when competing gas-phase reactions of
HO2 are relatively slow. The potential influence of hetero-
geneous loss has been examined in model sensitivity studies
mainly for marine environments (e.g.Carslaw et al., 1999,
2002; Sommariva et al., 2006; Kanaya et al., 2000, 2007a).
Up to a factor of two of HO2 reduction was simulated when
the heterogeneous uptake coefficient for marine aerosol was
assumed to be maximum,γ = 1 (Sommariva et al., 2006;
Kanaya et al., 2007a). During PRIDE-PRD2006, the day-
time (08:00–18:00) averaged aerosol surface-area density
was very large, about 1400 µm2 cm−3 (Li et al., 2011). The
aerosol consisted mostly of submicron particles with an av-
erage particle-number size distribution peaking at a diame-
ter of 100 nm (Yue et al., 2010). At such condition, uptake
of HO2 is reduced only little (about 10 %) by the resistance
of diffusive gas transport. Assuming free molecular trans-
port andγ = 0.5, the heterogeneous reactivity is calculated
to be 0.1 s−1 in comparison to 0.025 s−1 by NO. Implement-
ing this heterogeneous loss rate into model M0 causes a re-
duction of the calculated HO2 by 50 %. This implies that
a heterogeneous uptake process has the potential to reduce
HO2 at PRD significantly. However, the estimated strong
influence is speculative. Though laboratory studies with Cu-
II doped aqueous particles have shown large accomodation
coefficients close to one (see overview,Kolb et al., 2010),
measurements at salt solutions, soot and wet organic par-
ticles showed much smaller effective uptake coefficients in
the range 0.01–0.1 (e.g.Thornton and Abbatt, 2005; Bedja-
nian et al., 2005; Taketani et al., 2009, 2010). Furthermore,
the influence of heterogeneous uptake will be strongly di-
minished by competing HO2 reactions which are required as
additional OH sources (e.g. HO2 + X). If HO2 is heteroge-
neously lost, it will decrease the OH concentration as well.
Alternatively, one could speculate about a heterogeneous re-
action of HO2 on particles that releases OH (or an OH pre-
cursor) into the gas-phase. However, the potential HO2 re-
activity towards aerosol is at least a factor of five too small
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Table 7. Reaction rates (ppb h−1) and radical parameters averaged over the afternoon hours (12:00–16:00 CNST) from observation (Exp)
and different model scenarios (M0–M7).

Reaction rate (ppb h−1) Exp M0 M1 M2 M3 M4 M5a M5b M6a M6b M7

OH budget

D(OH)=[OH]×kOH 34.1 10.4 46.3 40.9 11.0 11.0 15.6 21.8 14.4 21.5 9.7
k7[HO2][NO] 5.8a 5.0 6.4 1.3 5.1 5.2 7.2 8.4 5.6 6.5 4.7
2k13[O

1D][H2O] 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.3
j(HONO)[HONO] 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9

D(OH)−P ′(OH)b 25.0a 2.1 36.7 36.3 2.6 2.6 5.1 10.1 5.5 11.8 1.8

Additional OH sources

HO2 + X → OH 33.7
HO2 + Y → OH 34.4
R(C=O)R′O2 + HO2 → OHc 0.4 0.4 0.5 0.6 0.6 1.0
IEPOXO2+ HO2 → OHd 0.1 0.1 0.1
ISOP→ OHe 0.3 0.5
HPALDs+ hν → m× OHe 1.4 5.1
ISOP+ HO2 → n× OHf 2.2 7.1

Other reactions

ISOP+ NO 0.9 0.9 4.1 0.9 1.0 0.3 0.4 1.1 1.5 1.0
HCHO+ hν → 2× HO2 2.8 5.9 4.4 2.8 2.8 3.1 3.2 3.0 3.2 2.4
OVOCs+ hν → HO2

g 0.7 1.6 1.3 0.7 0.7 2.2 2.6 0.8 1.0 0.6

Ozone production

P (O3) 10.7 11.3 19.9 10.9 10.7 12.5 14.7 12.4 15.1 10.7
P (O3)/([OH] × kOH) 1.0 0.2 0.5 1.0 1.0 0.8 0.7 0.9 0.7 1.1

Radical parameters

OH (106 cm−3) 12.6 3.1 12.2 11.8 3.3 3.4 4.8 6.3 4.1 5.6 3.3
kOH (s−1) 17.9 21.6 24.9 22.8 21.8 21.3 21.3 22.8 23.0 25.2 21.0
RO2/HO2 1.2 0.8 21.4 1.2 1.1 0.7 0.8 1.3 1.5 1.2
HO2/OH < 136a 362 125 23 351 345 343 303 311 263 345

aBased on uncorrectedHO∗
2 values ([HO∗

2] >HO2); b P ′(OH) = 2k13[O1D][H2O]+j(HONO)[HONO]+k7[HO2][NO]; c R′ =H or CH2, according toTaraborrelli et al.(2009); d According toPaulot et al.(2009); eAccording

to Peeters and M̈uller (2010); f According toLelieveld et al.(2008); g OVOCs without HCHO

compared the required reactivity to match the observed OH
(cf. Fig. 11g, scenario M2). Thus, it seems unlikely that
a surface-catalyzed HO2 to OH recycling process is the miss-
ing OH source.

4.3.4 OH radical budget analysis

Experimental and modelled (M0–M7) parameters that char-
acterize the HOx chemistry during the afternoon hours
12:00–16:00 CNST at PRD are compared in Table7. The
main body of the table shows reaction rates that are relevant
for the budget of OH and HO2, and the bottom gives radi-
cal parameters such as the mean concentration and reactivity
of OH, as well as the RO2/HO2 and HO2/OH ratios. It can
be noted that the models M0 (RACM-MIM-GK), M3, M4
and M7 (MCMv3.1) yield almost identical values for each
parameter, mostly within 10 %.

Following the OH budget analysis byHofzumahaus et al.
(2009), the total OH loss rate,D(OH), given by [OH]× kOH
is compared to the total OH production rate,P ′(OH) (top
of the table). Here,P ′(OH) is calculated from the pho-
tolysis of ozone and HONO, and from OH recycling by
HO2+NO. Using solely experimental data, a missing OH
source of about 25 ppb h−1 is calculated. However, the re-
cently detected interference in the HO2 measurement intro-
duces a systematic error. If the measured HO2 data are cor-
rected by−30 % as estimated by model M0, then the missing
OH source is calculated to be 10 % larger, having a value of
about 27 ppb h−1. If the measured HO∗2 would be dominated
by RO2 (as predicted by model M2), then the missing OH
source would have a 20 % larger value of at most 30 ppb h−1.

The models M0 and M7 show a small difference of about
2 ppb h−1 betweenD(OH) andP ′(OH) (Table7), which is
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Fig. 13. NO dependence of the observed-to-modelled OH ra-
tio (OHobs/OHmod) for the different mechanistic scenarios M0
to M6 (see Table5). Vertical error bars denote the combined
1σ accuracies of the modelled (M0) and observed OH concentra-
tions. Total VOC reactivities (M0 case) and their organic speci-
ation (without NOx) are presented by pie charts at different NO
intervals (1ln([NO]/ppb)= 0.17) at the top. Abbrev. in the color
legend of the pie charts: ALD= higher aldehydes than HCHO,
OISO= MACR + MVK + CAR4, DCBs= MGLY + GLY + DCB,
others= degradation products from hydrocarbons listed in Table2
that exclude HCHO, ALD, OISO, DCBs.

caused by minor OH sources. These include ozonolysis of
alkenes, photolysis of peroxides, OH recycling by HO2+O3
and prompt OH regeneration, e.g. from ISHP+OH. In
case of the model scenarios M2–M6, the difference between
D(OH) andP ′(OH) is larger than in the base case (M0),
owing to the additional OH sources implemented in each
different mechanism. The respective source strengths are
largest for M1 and M2, because they were fitted to match
the observed OH. In the other models, the additional source
strengths are not sufficient to match the observed OH. Mod-
els M3 and M4 have only marginal effects on the total OH
production, whereas the scenarios M5b and M6b provide the
most efficient additional OH sources among the newly pro-
posed chemical mechanisms. It is interesting to note that the
postulated OH formation from HPALD photolysis (M5b) is
a factor of 1.6 more efficient than the corresponding photol-
ysis of ozone and HONO. Since the HPALD photolysis is
also expected to produce HO2 (Peeters and M̈uller, 2010),
the contribution from HPALD photolysis to the HOx radical
pool would actually be larger than from the sum of photolysis
rates of O3, HONO, and HCHO.

4.4 Further discussion

Two possible concepts have been discussed above to explain
the difference between modelled (M0) and observed OH at

PRIDE-PRD2006. One concept introduces generic reactions
with unknown species driving additional radical recycling
(M1, M2). The other concept (M3–M6) relies on the im-
plementation of newly discovered or proposed specific reac-
tions that reproduce OH from peroxy radicals. The potential
of each mechanism to explain the observed OH at PRD is
compared in Fig.13 as a function of NO at daytime condi-
tions (j (O1D)> 1×10−5 s−1). None of the mechanisms M3–
M6 can reproduce the measured OH over the whole range of
observed NO, whereas, not surprisingly, the generic mecha-
nisms M1 and M2 show overall good agreement as a conse-
quence of the numerical fitting of the unknown reactants X
and Y. The spread among the model predictions is largest at
the low end of the NO scale, where the newly implemented
peroxy-radical reactions compete with different efficiencies
with peroxy-peroxy radical termination reactions. As NO in-
creases, the different model simulations converge, because
peroxy radicals reactions with NO become dominant over the
newly implemented reactions in the model mechanisms. At
NO concentrations above 1 ppb, all mechanisms reproduce
the measured OH reasonably well.

The observed NO dependence of the measured-to-
modelled OH ratio (M0) is a new result that could be ob-
tained at PRD due to the large variability of anthropogenic
pollution in a rural area. Other studies at forest sites did
not report such a NO dependence, probably because of the
restricted NO range in (pristine) forests like in Amazonia
(Lelieveld et al., 2008) or Borneo (Whalley et al., 2011). In
fact, the NO concentrations there were generally smaller than
the lowest NO values found at PRD. Contrary, the forest sites
exhibited a large variability of (biogenic) VOCs, whereas the
total VOC reactivity at PRD was rather constant (20 s−1) dur-
ing daytime with a moderate increase of isoprene by a factor
of 1.6 from high (7 ppb) to low (0.08 ppb) values of NO (see
reactivity data in Fig.13).

Among the tested mechanisms, the additional recycling
of OH from isoprene peroxy radicals in scenarios M5b and
M6b offers the largest potential to brigde the gap between
modelled (M0) and measured OH at low NO. Considering
an estimated accuracy for OHobs/OHmod of 45 %, calculated
by error propagation of the corresponding experimental and
model uncertainties, the remaining discrepancy of a factor of
two at NO< 0.2 ppb is still significant. Apparently, the addi-
tional OH production in M5b or M6b is not efficient enough
to explain the high OH concentrations at low NO. This may
be due to uncertainties of the postulated mechanisms or to the
relatively small amount of isoprene peroxy radicals which
contribute only about 16 % of the modelled RO2 radicals
(cf. Table S8 in the Supplement). A new laboratory study
by Crounse et al.(2011) suggests that HPALD formation in
the LIM0 mechanism is slower and the resulting OH recy-
cling less efficient than originally proposed. Thus, besides
OH recycling from isoprene peroxy radicals, another uniden-
tified OH source must have been present at PRD, which may
be possibly related to other VOCs besides isoprene. Further
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laboratory studies are urgently needed to resolve this open
question.

It is noteworthy that the unknown recycling mechanism
(M1, M2) is also a requirement to explain the nighttime
measurements of OH and HO∗

2, which had mean values
of 2× 106 cm−3 and 2× 108 cm−3, respectively. The base
model (M0) can explain HO∗2 from ozonolysis, but strongly
underestimates the measured OH levels. In order to explain
both OH and HO∗2 at night, an additional recycling process
like at daytime is needed and a small additional primary
source of OH which would be neglegible during daytime.
Details of this analysis will be presented elsewhere (Lu et
al., 2012).

We have recently tested our LIF instrument for possi-
ble measurement artifacts in VOC and isoprene rich air at
PRD-like conditions in the atmosphere simulation cham-
ber SAPHIR in J̈ulich by comparison with an open-path
OH-DOAS (differential optical absorption spectroscopy) in-
strument. Like in previous intercomparisons (Hofzumahaus
et al., 1998; Schlosser et al., 2006, 2009) we find no indi-
cation of a significant measurement interference in LIF that
could explain the high OH values observed at PRD.

The proposed additional OH sources in M1–M6 all rely
on radical recycling without oxidation of NO to NO2. Thus,
they do not contribute to photochemical ozone formation.
This is reflected by theP (O3)/[OH] × kOH ratio (Table7),
where P (O3) denotes the ozone production rate from the
reactions of HO2 and RO2 with NO. While the established
mechanism M0 and M7 predict a ratio of one for the condi-
tions at PRD, a strongly reduced ozone production efficiency
is expected from M1 and M2. In case of the scenarios M5b
and M6b, a reduction of 30 % is calculated. The large vari-
ability of the calculated ozone production efficiency between
the different mechanisms demonstrates that the insufficient
understanding of the radical recycling mechanism also in-
troduces a significant uncertainty in the predictions of sec-
ondary pollutants.

5 Summary and conclusions

Ambient OH and HO2 concentrations were measured by LIF
during the PRIDE-PRD2006 campaign at a rural site down-
wind of Guangzhou in the Pearl River Delta in summer 2006.
The most obvious feature of the HOx photochemistry for
this campaign was published byHofzumahaus et al.(2009).
A large imbalance between the experimentally determined
total OH loss rate and production of OH from known radi-
cal sources was discovered, indicating a missing OH source
at conditions of high isoprene (2 ppb) and low NO (0.1–
0.2 ppb). A generic reaction pathway, RO2 + X → HO2 and
HO2 + X → OH was proposed to enable a chemical model
to reproduce both the observed OH and HO2 concentrations.
In this work, we have reevaluated the dataset and extended
the model analysis, taking into account a newly discovered

artefact in the LIF measurement of HO2. The major findings
are:

1. Considering the interference from RO2 in the HO2 de-
tection channel, the need for an additional HO2 → OH
recycling process persists. Since the true HO2 con-
centration is smaller than the measured value HO∗

2, the
missing OH source may be up to 85 % of the OH loss
rate rather than 74 % calculated previously. Moreover,
the need of an adjacent recycling RO2 → HO2 to match
the observed HO2 has diminished, since the measured
HO2 data contain a contribution from RO2 that is not
known quantitatively. The concentrations of individual
RO2 species would be needed for a correction of the in-
terference which is not attainable in retrospect.

2. Daily maxima of OH and HO∗2 were in the range of (15–
26)× 106 cm−3 and (3–25)× 108 cm−3, respectively.
Compared to previously reported measurements in other
urban and suburban areas, the OH concentrations at
PRD are among the highest values so far reported. Mea-
sured HO2 concentrations reported in the literature are
difficult to compare, because they were obtained by LIF
techniques and likely influenced by unspecified interfer-
ences from RO2 similar to our case.

3. The observed OH showed a consistent high correlation
with j (O1D) over a broad range of NOx conditions. The
correlation cannot be reproduced by model simulations,
indicating that OH stabilizing processes are missing in
current models (e.g. RACM-MIM-GK).

4. The observed OH exhibited only a weak dependence
on NOx in contrast to model predictions. While mod-
elled and measured OH agree well at NO mixing ratios
above 1 ppb, a continuously increasing underprediction
of the observed OH is found towards lower NO concen-
trations, reaching a factor of 8 at 0.02 ppb NO.

5. A dependence of the modelled-to-measured OH ratio on
isoprene cannot be derived from the PRD data set due
to the relatively small isoprene variability. However,
the magnitude of the ratio fits into the isoprene depen-
dent trend that was reported from other campaigns in
forested regions.

6. Two recently postulated isoprene mechanisms
(Lelieveld et al., 2008; Peeters and M̈uller, 2010)
lead to significant enhancements of OH expected for
PRD, but an underprediction of the observed OH by
a factor of 2 remains at low NO. If the photolysis of
HPALDs is as efficient as proposed in the LIM0 mech-
anism byPeeters and M̈uller (2010), the corresponding
OH formation at PRD would be more important than
the primary OH production from ozone and HONO.

The isoprene mechanisms byLelieveld et al.(2008) and
Peeters and M̈uller (2010) have shown potential to explain
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the unexpectedly large OH concentrations observed above
forests during the GABRIEL and INTEX-A campaigns. The
still significant underprediction of OH at the NO concentra-
tion regime of PRD may be explained either by the uncer-
tainties of the postulated mechanisms which are not yet con-
firmed by laboratory studies, or by other so far unidentified
OH sources that may have played a role. Further experimen-
tal investigations will be needed to get a full picture of the
radical chemistry in VOC rich environments. Improved mea-
surement techniques for HO2 and (speciated) RO2 would be
extremely helpful in future studies to gain more insight into
the cycling of radicals and its impact on tropospheric photo-
chemistry.

Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/12/1541/2012/
acp-12-1541-2012-supplement.pdf.
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