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Abstract. Atmospheric hydrogen peroxide (H>O») and or-
ganic hydroperoxides were measured from 18 to 30 July in
2006 during the PRIDE-PRD’06 campaign at Backgarden,
a rural site located 48 km north of Guangzhou, a mega-city
in southern China. A ground-based instrument was used as
a scrubbing coil collector to sample ambient air, followed
by on-site analysis by high-performance liquid chromatog-
raphy (HPLC) coupled with post-column derivatization and
fluorescence detection. The H,O, mixing ratio over the
13 days ranged from below the detection limit to a max-
imum of 4.6 ppbv, with a mean (and standard deviation)
of (1.26%1.24) ppbv during the daytime (08:00-20:00LT).
Methyl hydroperoxide (MHP), with a maximum of 0.8 ppbv
and a mean (and standard deviation) of (0.28+0.10) ppbv
during the daytime, was the dominant organic hydroperox-
ide. Other organic peroxides, including bis-hydroxymethyl
hydroperoxide (BHMP), peroxyacetic acid (PAA), hydrox-
ymethyl hydroperoxide (HMHP), 1-hydroxy-ethyl hydroper-
oxide (1-HEHP) and ethyl hydroperoxide (EHP), were de-
tected occasionally. The concentration of HyO, exhibited
a pronounced diurnal variation on sunny days, with a peak
mixing ratio in the afternoon (12:00-18:00 LT), but lacked an
explicit diurnal cycle on cloudy days. Sometimes a second
peak mixing ratio of HyO; was observed during the evening,
suggesting that HyO, was produced by the ozonolysis of
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alkenes. The diurnal variation profile of MHP was, in gen-
eral, consistent with that of HyO,. The estimation indicated
that in the morning the H,O; detected was formed mostly
through local photochemical activity, with the rest proba-
bly attributable to vertical transport. It is notable that rela-
tively high levels of H>O, and MHP were found in polluted
air. The unexpectedly high level of HO; radicals detected in
this region can account for the production of hydroperoxides,
while the moderate level of NOy suppressed the formation
of hydroperoxides. High concentrations of hydroperoxides
were detected in samples of rainwater collected in a heavy
shower on 25 July when a typhoon passed through, indicating
that a considerable mixing ratio of hydroperoxides, particu-
larly MHP, resided above the boundary layer, which might
be transported on a regional scale and further influence the
redistribution of HOx and ROy radicals. It was found that
hydroperoxides, in particular HyO,, play an important role
in the formation of secondary sulfate in the aerosol phase,
where the heterogeneous reaction might contribute substan-
tially. A negative correlation between hydroperoxides and
water-soluble organic compounds (WSOC), a considerable
fraction of the secondary organic aerosol (SOA), was ob-
served, possibly providing field evidence for the importance
of hydroperoxides in the formation of SOA found in previous
laboratory studies. We suggest that hydroperoxides act as an
important link between sulfate and organic aerosols, which
needs further study and should be considered in current at-
mospheric models.
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1 Introduction

A series of hydroperoxides, including hydrogen perox-
ide (H,O7) and organic hydroperoxides (ROOH), such as
methylhydroperoxide (MHP, CH30OH), hydroxymethyl hy-
droperoxide (HMHP, HOCH,OOH), 1-hydroxy-ethyl hy-
droperoxide (1-HEHP, CH3CH(OH)OOH), peroxyacetic
acid (PAA, CH3C(O)OOH) and ethylhydroperoxide (EHP,
CH3CH;0OO0H), have been measured in the atmosphere since
the measurement of organic hydroperoxides was pioneered
in the 1980s by Hellpointner and Gib (1989). These reac-
tive species play significant roles in atmospheric processes,
such as acid precipitation, cycling of HOy radicals, and for-
mation of secondary organic aerosol (SOA). H,O; is con-
sidered to be the most important oxidant for the conversion
of S (IV) to sulfuric acid and secondary sulfate in cloud,
fog and rain water at pH<5, thus contributing significantly
to the acidification of clouds and rain (Penkett et al., 1979;
Calvert et al., 1985; Fung et al., 1991; Pena et al., 2001).
Organic peroxides such as MHP, HMHP, and PAA are able
to oxidize SO,, but only when H>O; is limited (Lind et
al., 1987; Zhou and Lee, 1992). For instance, HMHP is
much more soluble than H,O» (HH202=7.7><104Matm_l
and Hgmyp=1.7 X 10° M atm~! at 298 K, Sander et al., 2003)
and can decompose rapidly into HoO, and HCHO in the
aqueous phase when pH>5.0 (O’Sullivan et al., 1996; Chen
etal., 2008). In addition, H>O, and MHP can serve as tempo-
rary reservoirs of odd-hydrogen radicals (OH, HO,, CH305)
in the troposphere, because their photolysis and other reac-
tions will lead to the regeneration of OH radicals, and are
intimately involved in the production of odd-oxygen (e.g. O,
03) (Madronich and Calvert, 1990; Lightfoot et al., 1992;
Reeves and Penkett, 2003). For example, MHP, which is
the most abundant organic hydroperoxide in the atmosphere,
and has an atmospheric lifetime of 2-3 days and a low level
of solubility in water (Cohan et al., 1999; Wang and Chen,
2006), can be transported to the upper troposphere at a re-
gional scale without scavenging under deep convection con-
ditions. As a result, this transportation probably leads to the
redistribution of OH radicals in different regions and dif-
ferent altitudes (Jaeglé et al., 1997; Wennberg et al., 1998;
Cohan et al., 1999; Mari et al., 2000; Ravetta et al., 2001),
and H>O» and organic hydroperoxides can be used as indica-
tors of the oxidizing capacity of the troposphere (Thompson,
1992). Tropospheric aerosols play an important role in the
Earth’s atmosphere and in the climate system. Aerosols scat-
ter and absorb solar radiation (direct effect) (Andreae and
Crutzen, 1997), change cloud characteristics in many ways
(indirect effect) (e.g. Navakov and Penner, 1993; Lohmann
and Feichter, 2005), and facilitate heterogeneous and multi-
phase chemistry (Ravishankara, 1997). Increasing attention
is being paid to the organic matter that represents a substan-
tial fraction of tropospheric aerosols (Andreae and Crutzen,
1997). Recently, several laboratory studies have revealed
that secondary organic aerosol (SOA) can be formed from
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isoprene and its gas-phase oxidation products through acid-
catalyzed heterogeneous oxidation with hydrogen peroxide,
a remarkably close analogy with atmospheric secondary sul-
fate formation (Claeys et al., 2004; Boge et al., 2006; Kroll
et al., 2006).

No significant direct emission of H,O; or organic hy-
droperoxides from natural or anthropogenic sources has been
found, and it is believed that the majority of the H>O, and
ROOH in the gas phase are formed via the bimolecular and
termolecular recombination of peroxy (HO» and RO;) radi-
cals during the daytime. The only known mechanism for the
formation of peroxides in the absence of light is the ozonoly-
sis reaction of alkenes (Géb et al., 1985; Becker et al., 1990,
1993; Valverde-Canossa et al., 2004), which is discussed in
detail in Sect. 3.4. This reaction is the main source of the 1-
hydroxyalkylhydroperoxides (1-HAHP) and a source of OH
radicals (Atkinson and Aschmann, 1993; Paulson and Or-
lando, 1996).

Formation of HO; radicals is predominantly through the
photo-oxidation of carbon monoxide (CO) and volatile or-
ganic compounds (VOC) by the OH radical (described in
detail by Lightfoot et al., 1992). The second significant
part of HO» is formed during the degradation of HCHO and
other aldehydes by photolysis or by reaction with OH radi-
cals (Buffalini et al., 1972; Su et al., 1979). Furthermore, the
ozonolysis of alkenes, the decomposition of peroxy acetyl
nitrate (PAN), and the photodegradation of aromatic hydro-
carbons will provide a source of HO, (Finlayson-Pitts and
Pitts, 1986; Seuwen and Warneck, 1995). Alkylperoxy radi-
cals (ROy) are produced by the reaction of OH radicals with
alkanes, e.g. CHy, in the presence of oxygen, and by the de-
composition of alkyl-substituted, excited Criegee biradicals
(Atkinson, 1994; Hatakeyama and Akimoto, 1994; Gib et
al., 1995).

The sinks for gaseous H»O, and organic peroxides can
be classified according to different processes, including
washout through fog droplets and adsorption on water-
covered aerosols or other wet surfaces; dry deposition; pho-
tolysis; and reaction with OH radicals. Although the impor-
tance of the individual processes might differ with regard to
the water solubility of the organic peroxides (Gunz and Hoff-
mann, 1990; Watkins et al., 1995a, b), the washout and ad-
sorption processes on wet surfaces are expected to be domi-
nant.

Field, laboratory and modeling studies have all indicated
that the generation and behavior of gas-phase H,O; and or-
ganic ROOH are affected by the levels of chemical compo-
nents such as NOy, CO, CHy, and VOC. Additionally, me-
teorological parameters, including solar radiation, relative
humidity, temperature, and pressure are of great importance
in controlling the production and the loss of hydroperoxides
(Lee et al., 2000).

Over the past two decades, the distribution and roles of
H>0;, and CH30OOH in the atmosphere have been investi-
gated by various methods on land, onboard ship, and aboard
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aircraft (Hellpointner and Gib, 1989; Hewitt and Kok, 1991;
Das and Aneja, 1994; Fels and Junkermann, 1994; Watkins
et al., 1995a, b; Staffelbach et al., 1996; Heikes et al., 1996;
Jackson and Hewitt, 1996; Sauer et al., 1997, 2001; Lee et
al., 1993, 1995, 1997, 1998, 2000, 2008; Morgan and Jack-
son, 2002; Grossmann et al., 2003; Francois et al., 2005;
Walker et al., 2006; Kim et al., 2007). Although numer-
ous field measurements of HyO» and organic peroxides have
been made, most of them were done at 25°-55° N, includ-
ing North America, Brazil, Europe, Greenland, South Africa,
and the Atlantic and the northwestern and central tropical
Pacific (Lee et al., 2000). To our knowledge, data for hy-
droperoxides on land are not available for the East Asia low
latitude region, where the atmospheric chemistry may be sig-
nificantly distinguished from other regions on the earth. Ac-
companying rapid industrialization, East Asia has increasing
amounts of O3 precursor trace gases (carbon monoxide, ni-
trogen oxides, and hydrocarbons) released by industrial, agri-
cultural and population growth. The Pearl River Delta (PRD)
region, extending from the Hong Kong metropolitan area to
the northwest, has been the most economically dynamic re-
gion of mainland China over the last two decades. The high
levels of NOy, SO;, ozone and PM; 5 observed in the PRD
region over the past decade are believed to be associated with
the rapid economic development (Zhang et al., 1998; Wang
et al., 2003; Li et al., 2005). As intermediate photochemical
byproducts, hydroperoxides can be used to test predictions
by photochemical models by comparison with observed data
(Jacob et al., 1996). Therefore, field studies of peroxides are
needed urgently to provide valuable data for investigating the
photochemical mechanisms in this region and to be included
in photochemical models.

We present a novel dataset for speciated hydroperoxides
measured at a rural site in PRD that has high mixing ratios
of VOC and CO. The objectives of this study were to inves-
tigate the impact of chemical and physical processes on the
mixing ratio of HyO, and organic peroxides, to provide new
field evidence of the existence of high mixing ratios of hy-
droperoxides above the planetary boundary layer (PBL), to
examine the contribution of hydroperoxides to the formation
of secondary sulfate and SOA, and ultimately to assess the
value of hydroperoxide measurements for better understand-
ing the mechanisms of secondary photochemical pollutions
and to aid the development of more robust models.

2 Experimental

2.1 Measurement site

The measurements were carried out at Backgarden
(23.548°N 113.066°E), a super-site for the PRIDE-
PRD’06 (Program of Regional Integrated Experiments of

Pearl River Delta Region) Air Quality Monitoring Campaign
that took place from 3 to 30 July 2006. Backgarden is a
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rural site, surrounded by 20 km? of forest and 2.7 km? of
lake, located north of the central PRD and about 60km
northwest of the mega-city Guangzhou in southeast China,
which is the capital city of Guangdong Province. The
increase in industry and population impacts the air quality
of Guangzhou. Guangzhou is undergoing a complex air
pollution composition due to the mixture of coal burning
and vehicle emissions. Backgarden is a much less populated
area at the outskirts of the densely populated center of
the PRD and can be treated as a regional background site.
Backgarden does not have significant local vehicle emission,
while the biomass burning in the afternoon and cable burning
in the evening might be a source of local emission. The
Backgarden site experiences a typical sub-tropical climate
and is usually influenced by the monsoon circulation in the
July. During the period of hydroperoxides measurement,
the observation site was mainly influenced by the western
pacific subtropical high and typhoon. When controlled
by the western pacific subtropical high pressure from 19
to 23 July, the days were sunny, and the dominant wind
direction at Backgarden was southerly. When influenced by
typhoon from 24 to 25 July, northerly winds prevailed at
the observation site. During the last days of the campaign
from 26 to 30 July, the local weather conditions were cloudy
and rainy and the sampled air masses came mainly from
the south/southeast. The average meteorological values
(arithmetic mean =+ standard deviation) for the campaign
were:  29.5£3.4°C ambient temperature, 76.24+14.4%
ambient relative humidity, 1001+4 hPa ambient pressure,
and 1.9+1.2m/s local wind speed. The details of mete-
orological values are shown in Fig. 4 in Sect. 3.1. The
primary pollutants including NOy, CO, and SO; influenced
the hydroperoxides level significantly during the campaign.
Their concentrations kept relatively low in the daytime,
but were elevated at night, particularly under southeasterly
from 20 to 22 July. In addition to the measurement of
peroxides, all major trace gases (NOx, NOy, PAN, SO,
CO, O3, biogenic/anthropogenic VOC, etc.), aerosols (mass
concentration, number concentration, chemical composi-
tions), free radicals (OH, HO,, RO;) and meteorological
parameters (temperature, wind direction, wind speed and
relative humidity, pressure, rainfall) were monitored at this
site by a number of groups.

2.2 Measurement method for hydroperoxides
2.2.1 Measurement method

A three-story hotel building, which located next to a 2.7 km?
reservoir in a rural resort surrounded by a large area of farm-
land and forest, was used exclusively to house the campaign
measurement team. This building stood with almost no other
buildings within 300 m radius area. The instrument for de-
termining hydroperoxides was located in an air conditioned
room on the top floor, and the sampling inlet was mounted
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on the rooftop. The space over the rooftop was very open
to surroundings, thus made it possible to collect well mixed
and representative air samples. Ambient air was drawn by a
vacuum pump through a 6 m Teflon tube (1/4 inch O.D.) ex-
tending 1.5 m above the rooftop of the building, so that the
air samples were taken about 12m above the ground. The
air flow rate was 2.7 slm (standard liters per minute), con-
trolled by a mass flow controller. The air residence time in
the inlet tubing was less than 2 s, and there was no filter in
the inlet system. The air samples were collected in a thermo-
statically controlled glass coil collector, at a temperature of
around 10°C. The stripping solution, acidified 18 MQ2 water
(H3POy4, pH 3.5) was delivered into the collector by an HPLC
pump (Agilent 1050) at a rate of 0.2 mL min~! to collect hy-
droperoxides. The coil itself is about 30 cm long and the tube
has an effective length of ~100cm and 2 mm L.D. (Sauer et
al., 1999). The scrubbing coil is similar to that used in earlier
studies (Lazrus et al., 1986; Neeb et al., 1997; Sauer et al.,
1999, 2001; Grossmann et al., 2003; Frangois et al., 2005).

The collection efficiency of the coil was determined as fol-
lows. First, vapor containing H>O, and MHP was generated
by a saturated vapor generator (Lind and Kok, 1986; Li et al.,
2004). The air stream flowed over the thermostatically con-
trolled quartz fiber membrane (154+0.2°C), which was satu-
rated by the standard solution, at a rate of 0.2 slm. Lind and
Kok (1986) demonstrated that the air stream rate should be
less than 1 slm in order to ensure Henry’s Law equilibrium.
Second, additional pure air (2.5 slm) was added to the gen-
erated vapor of hydroperoxides via a three-port valve. Then
the mixed air stream of standard gas of H>O, and MHP was
drawn into the scrubbing coil collector at a total flow rate
of 2.7 slm under the conditions used for atmospheric mea-
surement. Using a solution containing 2.4x 1073 M H,0,
and 3.5x10"® MMHP, the levels of gaseous hydroperox-
ides in the standard gas were calculated to be ~1 ppbv for
H,0, and ~0.5ppbv for MHP. The concentration of this
standard gas was also determined using a Horibe tube in
a cold trap of ethanol/liquid nitrogen at ~—90°C (Hewitt
and Kok, 1991), for collection and for HPLC analysis (de-
scribed below). The standard gas concentration determined
by the cold trap method was consistent with the concentra-
tion calculated by Henry’s Law (Hp,0,=1.8x10° Matm™!
and Hypp=5.7x 10> Matm™! at 15°C, Sander et al., 2003).
After collection, the stripping solution was analyzed by
HPLC. The collection efficiency of the coil was estimated
using the ratio of the measured concentration and the known
concentration of the standard gas, with >98% for H,O, and
~85% for MHP at 10°C. These values are in agreement with
those of previous studies (Sauer et al., 1997, 2001; Francois
et al., 2005). The heterogeneous decomposition of H»O and
MHP in the coil was negligible under the experimental con-
ditions, as proved by previous studies (Sauer et al., 1996,
2001).

After the sampled air passed through the coil collector, the
stripping solution was removed from the separator using a
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peristaltic pump and immediately injected manually into the
HPLC valve, from which 100 uL was analyzed by HPLC.
Because of the lack of an auto-sampler for the HPLC analy-
sis, the sample analysis was performed in a quasi-continuous
mode with an interval of 20-60 min, and thus only a few sam-
ples were measured at night and in the early morning. Sev-
eral rain samples were collected during a heavy shower using
a glass funnel (diameter 10 cm) connected to a Sm Teflon
tube (1/8-inch O.D.), from the end of which the rain sam-
ples were collected and injected immediately into the HPLC
column.

The HPLC was done with post-column derivatization us-
ing p-hydroxyphenylacetic acid (POPHA) and fluorescence
detection. The basis of this method is to quantify the flu-
orescent dimer produced by the stoichiometric reaction of
POPHA and hydroperoxides through catalysis (Géb et al.,
1985; Hellpointner and Gib, 1989; Kurth et al., 1991; Lee
et al., 1995; Sauer et al., 1996, 1997, 1999, 2001; Gross-
mann et al., 2003; Francois et al., 2005; Xu and Chen, 2005;
Walker et al., 2006). The catalyst used in this study was
Hemin (Xu and Chen, 2005; Chen et al., 2008). The mo-
bile phase, controlled by the HPLC pump (Agilent 1200) at
a constant rate of 0.5mLmin~!, was a H3POy4 solution at
pH 3.5 (Sigma-Aldrich, 85% for HPLC). The hydroperox-
ides were separated in a 5 um reversed-phase C1g HPLC col-
umn (4.6 mmx250 mm, ZORBAX, SB-Aq, Agilent), which
was cooled to ~2°C to stabilize the hydroperoxides. Af-
ter separation, the eluate was introduced into a 3 m Teflon
coil at 42(%1)°C for post-column derivatization. The fluo-
rescent reagent, 8x 10~°M Hemin (Fluka) and 8x107> M
POPHA (ACROS ORGNICS), was adjusted to pH 10-11
with NH4CI/NH4OH buffer solution. The flow rate of the
fluorescent reagent was 0.2 mL min~!. The fluorescence sig-
nal of the biphenyl derivative formed in the derivatization
reaction was determined at wavelengths of Agx=315nm and
AEm=400 nm using a fluorescence detector (Agilent 1200).

Sample blanks were determined at least twice daily by
measuring the stripping solution at the stripping solution
outlet of the coil after stopping the air vacuum pump for
10 min. H,O;, was occasionally found in the blanks but only
in trace amounts. When the pure synthetic air was intro-
duced to the sampling inlet instead of the ambient air, our
instrument did not detected any peroxides in the samples, in-
dicating that the artefact production of peroxides within the
sampling set-up was negligible. Multipoint calibration of the
HPLC for analysis of hydroperoxides was performed weekly
with H,O,, MHP and EHP standard solution in the range
of 1x107% ~1x1073M, and single-point calibration was
done three times a day with a mixing standard solution of
H>0O,, MHP and EHP. Organic hydroperoxides were identi-
fied by comparing the retention times with those of reference
substances. The HPLC chromatogram shown in Fig. 1 illus-
trates the separation and retention times of a mixture of hy-
droperoxides during the measurements. The detection limit
of HyO», defined as three times the standard deviation of the
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Hz0,

HMHP

MHP

EHP
1-HEHP

Time (min)

Fig. 1. HPLC chromatogram of a mixture of hydroperoxides show-
ing separation and retention times.

analytical blanks of Milli-Q water, was 0.012 uMolL~! us-
ing a 100 uL sampling loop. The detection limit of MHP,
based on three times the standard deviation of the MHP stan-
dard solution (7.0x10~7 M), was 0.021 uMolL~!. These
corresponded to the detection limits of about 20 pptv for
H>0» and 35 pptv for MHP in the gas phase under the sam-
pling conditions mentioned above.

H,0, was purchased from Sigma-Aldrich (35%), and
fresh solutions were prepared by serial dilution of the 0.35%
stock solution. Methyl hydroperoxide and ethyl hydroper-
oxide were synthesized from H>O, and dimethyl sufate or
diethyl sulfate as described (Rieche and Hitz, 1929; Kok et
al., 1995; Lee, et al., 1995). The purities of the synthe-
sized MHP and EHP were proved to be higher than 97%
using infrared spectrometry. The hydroxymethy hydroper-
oxide (HMHP), 1-hydroxy-ethyl hydroperoxide (1-HEHP)
were synthesized from aqueous H,O, and formaldehyde or
acetaldehyde (Rieche and Meister, 1935; Zhou and Lee,
1992; Lee et al., 1995). The concentrations of stock solutions
and standard solutions were determined using KMnO4 and
KI/Na;S,0Os/starch every two weeks (Johnson and Siddigu,
1970; Mair and Hall, 1970). All reagents and standard so-
lution were prepared with 18 M2 Milli-Q water (Millipore),
and were stored at 4°C in a refrigerator.

2.2.2 Estimation of SO, interference

The SO; interference on the peroxides measurement should
be clarified before interpreting the observations. We esti-
mated this interference by two methods as following.

One estimation was made by a kinectics calcula-
tion. At 10°C temperature adopted in our sample col-
lection, the Henry’s Law constants of HyO, and SO, are
2.85x10°Matm™! and 2.32Matm~! respectively (Sander
et al., 2003). The total amount of dissolved S(IV) always
exceeds that predicted by Henry’s Law for SO, alone, so we
calculate the effective Henry’s Law constant of SO, by the
expression given in textbook (Seinfeld and Pandis, 1998),
and obtain a value of 98 Matm™! at pH3.5. Assuming the
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mixing ratios of HyO, and SO, were 1 ppbv and 10 ppbv
respectively in the sampled air, and then the equilibrium
concentrations of H»O, and SO, in collection solution at
pH 3.5 are estimated to be 285 uM and 1 uM respectively
in solution, on the basis of Henry’s Law. Then, the reac-
tion rate of the dissolved H>,O; and S(IV) can be calculated
to be ~6.6 uMs~! at pH 3.5. In the glass coil collector
used in this study, the contact time of the sampled air with
the collection solution was less than 10s. After this time,
the hydroperoxides-containing collection solution was sepa-
rated from the sampled air, and was rapidly delivered into the
HPLC system. This means that the SO; in sampled air can
destroy H,O; and influence H> O, measurement only within
this 10s. On the basis of above calculation, we can give an
estimation that, when 1 ppbv H>O, and 10 ppbv SO exists in
the sampled air, about 66 uM of 285 uM H,O; equilibrated
in the collected solution will be destroyed by SO, during
collection, indicating that the mixing ratio of H,O, will be
underestimated by 23%. More details regarding the interfer-
ence of SO, in HyO, measurement are as follows: when the
SO; presents in sampled air with 2, 5, 10, 15, 20 and 30 ppbv
respectively, the losses of H,O; are estimated to be 5%, 12%,
23%, 35%, 46%, 70%, respectively.

Another estimation was made by a laboratory experiment.
We studied the SO, interference using the Horibe tube,
which was described above. The Horibe tube was added
with 1 ml mixing standard solution containing 107°M H;0,,
MHP and EHP, comparable to their concentrations in the
atmosphere, following by cooling it at ~—90°C and then
introducing the SO;,-containing air flow. After the SO;-
containing air flow passed it for 30 min at the rate of 2.7 slm,
the Horibe tube was taken out from the cold trap, and 2 ml of
10~3 M H3POy solution was added quickly to wash the in-
side of the Horibe tube, and then the washed sample solution
was quickly analyzed by HPLC. In this procedure, the con-
tact time of the hydroperoxides with the S(IV) in the solution
was ~5 min at ~10°C. We found that the losses of HyO» are
~10%, ~30% and ~50% respectively when the SO, concen-
trations are 10 ppbv, 25 ppbv and 50 ppbv respectively. The
losses of the organic hydroperoxides were lower than that of
H,0,.

In summary, we suggest that the interference of SO in
the peroxides measurement will not be significant under a
15 ppbv level of SO;, under our observation conditions.

2.3 Measurement methods for other trace gases

HO, radicals were measured at the Backgarden site
by a laser-induced fluorescence instrument, operated by
Forschungszentrum Juelich (FZJ). Briefly, ambient air is
sampled continuously into a low-pressure detection chamber,
where HO» is chemically converted to OH by reaction with
added NO. The resulting OH is then detected by laser ex-
cited fluorescence at a wavelength of 308 nm. The instrument
is calibrated by using the quantitative photolysis of water
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vapour in synthetic air at 185 nm as a radical source. The
accuracy of the measurements is estimated to be 20% for this
campaign. Details of the instrument and its calibration can
be found in Holland et al. (2003).

Semi-continuous measurements of WSOC were made by
University of Tokyo (UT) using a particle-into-liquid sam-
pler (PILS) followed by online quantification of TOC every
6 min using a total organic carbon (TOC) analyzer. Ambi-
ent aerosol was sampled at a flow rate of 16.7 L/min by the
PILS, which used a steam saturator to grow the aerosol to
sizes that can be collected by inertial impaction. The car-
bonaceous compounds in the liquid sample were then quan-
tified online with the TOC analyzer. Details of the instrument
can be found in Miyazaki et al. (2006).

The sulfate measurements were performed by the Aero-
dyne Aerosol Mass Spectrometer (AMS), operated by Uni-
versity of Tokyo (UT). The AMS can measure size-resolved
chemical composition of ambient non-refractory (vaporized
at 600°C under high vacuum) submicron aerosol for an inte-
gration time of 10 min. The AMS consists of a particle sam-
pling inlet with cutoff size 1.0 um, a particle time-of-flight
(PTOF) chamber, and a vaporizer/ionizer that is interfaced
to a quadrupole mass spectrometer (QMS). Details of the in-
strument can be found in Takegawa et al. (2005).

The continuous measurements of 47 C,—Cjp VOC
species, including alkanes, alkenes and aromatic hydrocar-
bons, were performed hourly using an automated online Gas
Chromatography-Flame Ionization Detector (GC-FID) sys-
tem from the Research Center for Environmental Changes
(RCEC), Academia Sinica of Taiwan. The detection limit for
the measured VOC species ranged from 0.002 to 0.098 ppbv.
The calibrations of the instrument were carried out before
and after the campaign using a standard gas prepared by the
gravimetric method (Spectra gases, Branchburg, NJ, USA),
which contained 50 target species with mixing ratios of 3—
15 ppbv. It was found that the precisions for the measured
VOC species were usually better than 2%. Details of the
GC-FID system and analytical procedures employed in this
study can be found in Wang et al. (2004).

The SO, was determined by Peking University (PKU) us-
ing SO, Analyzer (Thermo, Model 43C) with a time reso-
lution of 1 min. The data of CO, O3 and NOy used in this
study were obtained from the combined data set of PKU,
UT and FZJ. During the period we discuss in this study,
the CO was measured by a CO Analyzer (Thermo, Model
48C) with a time resolution of 1 min, operated by PKU, and
a non-dispersive infrared absorption (NDIR) instrument with
an integration time of 1 min (Model 48, TECO), operated by
UT (details of the instrument described by Takegawa et al.,
2006), and the O3 was mainly measured by a O3z Analyzer
(Thermo, Model 49C) with a time resolution of 1 min op-
erated by PKU. NOy and NOy were measured using a NO-
O3 chemiluminescence detector combined with a photolytic
converter and a gold tube catalytic converter (Takegawa et al.,
2006). NOy compounds were catalytically converted to NO
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on the surface of a gold tube heated at 300°C. The photolytic
converter system used for the NO, measurement was man-

ufactured by the Droplet Measurement Technologies, Inc.,
USA.

3 Results and discussion
3.1 General observations

A total of 354 air samples were characterized using the scrub-
bing coil collector from the 19th to the 30th of July 2006
during the PRIDE-PRD’06 campaign. The major hydroper-
oxide present in the air samples collected at the Backgar-
den site was HoO, with mixing ratios between below the
detection limit (20 pptv) and 4.6 ppbv, and MHP with mix-
ing ratios between <35pptv (d.l.) and 0.8 ppbv. The or-
ganic peroxides BHMP and PAA were often detected, and
HMHP, 1-HEHP and EHP were occasionally detected, but
all these species were present at only several-decade pptv
level under these experimental conditions. In order to cal-
culate the mean of the observed mixing ratios, any value be-
low the detection limit was treated as zero. With regard to
all samples, the mean (and standard deviation) mixing ratios
during the daytime (08:00-20:00LT) were 1.26+1.24 ppbv
for HO, and 0.2840.10 ppbv for MHP. The mean values
at night (20:00-02:00LT) were 0.74+0.62 ppbv for H,O;
and 0.1940.10 ppbv for MHP. The mixing ratios of H,O»
and MHP are in agreement with those reported in the liter-
ature with HyO» ranging between 0.5 ppbv and 5 ppbv and
MHP ranging between several pptv and 2.7 ppbv worldwide
respectively (Hellpointner and Géb, 1989; Hewitt and Kok,
1991; Das and Aneja, 1994; Watkins et al., 1995a, b; Jack-
son and Hewitt, 1996; Sauer et al., 1997, 2001; O’Sullivan et
al. 1999; Morgan and Jackson, 2002; Moortgat et al., 2002;
Grossmann et al., 2003; Lee et al., 1993, 1995, 1998, 2000,
2008; Frangois et al., 2005; Xu and Chen, 2005; Walker et
al., 2006; Kim et al., 2007).

Temporal profiles of the HyO, and MHP mixing ratios for
the time of the campaign are shown in Fig. 2. The maximum
mixing ratio of HyO, and MHP was found on 19 July, and
this will be discussed in detail later. On sunny days with low
levels of NOy and SO,, H>O; showed pronounced diurnal
variations, with peak mixing ratios in the afternoon (12:00-
18:00LT) and low values at night and in the early morning.
Sometimes, a second peak occurred in the evening between
20:00 and 02:00LT. The diurnal variation of MHP is con-
sistent with, but less pronounced than, that of HyO,. The
general diurnal cycle of H,O, observed at Backgarden was
similar to that observed in earlier studies (Sauer et al., 2001;
Grossmann et al., 2003). Over the 13 days of measurement,
HMHP was detected in only a few samples; probably re-
sulting from the heterogeneous decomposition of HMHP at
glass surfaces during sampling (Neeb et al., 1997; Sauer et
al. 2001).
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Fig. 2. Temporal profiles of atmospheric HyO, and MHP mixing ratios from 19 to 30 July 2006 at Backgarden.
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Fig. 3. Hourly averaged diurnal cycle for HyO, (black circle) and
MHP (gray triangle) at Backgarden from 19 to 30 July 2006 where
vertical bars show the standard deviation.

Figure 3 depicts the hourly averaged mixing ratio pro-
files of H»O, and MHP with the vertical bars showing the
standard deviation of the measured values. A similar aver-
aged diurnal profile for HyO, has been reported (Das and
Aneja, 1994; Sauer et al., 2001). The concentration of HyO»
began to rise in the morning (~10:00LT) and reached a
maximum mixing ratio at 13:00LT. The factors responsi-
ble for the H,O, diurnal variation are discussed in detail in
Sect. 3.2.2. The level of HyO, remains relatively high in the
afternoon and the mixing ratio decreased slowly from sun-
set to 24:00 LT. The diurnal profile of MHP is largely co-
incident with that of H,O; in the daytime, but remained at
an almost identical level after sunset. This slower loss of
MHP at night can be explained by its lower level of solubil-
ity (Hu,0,/HMup="260, at 298 K, Sander et al., 2003).

www.atmos-chem-phys.net/8/6755/2008/

The diurnal profiles of the meteorological parameters and
other trace gases measured at Backgarden from 19 to 30 July
are shown in Fig. 4. As a compariosn, HyO; and MHP are
also shown in this figure. It is seen that when the SO, level
remained high, >15ppbv, in the morning or elevated dur-
ing the day, H»O, were detected in very low concentrations.
These low concentrations resulted partly from the potentially
significant interference of SO, in the HyO, measurement.
Meanwhile, considering the fact that the loss of HoO; due
to SO, reaction in the atmosphere would also be amplified
by elevated SO,, we suggest that the diurnal cycle of H,O;
shown in Fig. 2 and Fig. 4 could reflect the variation trend of
H>0; in the atmosphere to some extent, although the uncer-
tainty of H>,O; quantification occurs. However, it is notewor-
thy that at the SO, level of <10 ppbv, the condition for most
of the daytime during the measurement period, the measure-
ment of HyO» were not significantly influenced, that is, most
of our data were not significantly influenced by interference
of SO, and are reliable.

With regard to the meteorological conditions and levels
of hydroperoxides, three distinct periods could be distin-
guished. (i) At the beginning of the measurement, 19-21
July, days were sunny with slight breeze, and hydroperoxides
exhibited high mixing ratios during the day. (ii) The second
period, 23-26 July, was influenced by typhoon Kaemi, which
came across most of the PRD and resulted in heavily polluted
conditions in the central and eastern PRD (Z. B. Yuan, 2007,
personal communication). During this period, high levels of
hydroperoxides were also observed at Backgarden on 24 and
25 July, two sunny days. (iii) During the last days of the cam-
paign, 27-30 July, the local weather conditions were cloudy
and rainy, and daytime values of hydroperoxides were low.

The low daytime average H,O; values probably result
from several factors, and the most important one is that the
weak photochemical activity on cloudy days produces fewer
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Fig. 4. Diurnal profile of wind speed, wind direction, temperature, relative humidity, NO, NOyx, SO, CO, O3, NOx/NOy, toluene/benzene,
isoprene, C3-Cs alkenes and HyO, and MHP measured at Backgarden on 19-30 July 2006.

HOx radicals compared to sunny days, resulting in low-level
production of hydroperoxides. Moreover, the high levels of
NOy will significantly suppress the formation of hydroperox-
ides by consuming their precursors, peroxy radicals. Addi-
tionally, efficient scavenging of H,O» on wet surfaces (leaves
and fog droplets) and water-covered aerosols, in particular
with a high level of SO, and high relative humidity condi-
tions, should partly account for the low levels of H,O».

Atmos. Chem. Phys., 8, 6755-6773, 2008

3.2 Photochemistry on sunny days

3.2.1 Pattern of hydroperoxides and their precursors

The meteorological conditions during 19-21 July at Back-
garden can be treated as identical. On these three sunny days,
the maximum temperature was 35°C, and the relative humid-
ity decreased from ~90% in the early morning to ~60% at
noon. After reaching a minimum level of ~45% in the af-
ternoon, relative humidity increased gradually until the next
morning. The wind speed was steady at around 0-3 m/s. The
wind direction on 19 July turned clockwise via southeast
in the morning to southwest at noon and back to southeast
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gradually in the late afternoon, and then remained southeast
during the night. A similar pattern of wind direction was ob-
served on the next two days.

The maximum mixing ratio of Hy O, and MHP was mea-
sured on 19 July, a sunny day with a slight breeze. As Fig. 4
shows, the concentration of NOy stayed very high from night
to the early morning, with 32 ppbv at 08:15 LT. The high NOy
mixing ratio might have been caused by the accumulation of
surface emission below the nocturnal inversion layer. Af-
ter 08:15 LT, the concentration of NOy decreased rapidly to
~3 ppbv at 10:30LT, and remained at a relatively low level
(1~3 ppbv) until sunset. The rapid drop of NOy probably
resulted from the growing height of the mixing layer and
changes in the wind direction. On the morning of 19 July,
the wind direction turned clockwise via northeast (06:00 LT)
to east (08:00LT), and then to south (09:30LT). Moreover,
the chemistry conversion of NOx to HNO3 might also serve
as an important sink for the NOy. Since the concentrations
of HOx radicals were high in the study region, NO could be
fast converted to NO, and then this NO; reacted with OH
radicals and formed HNO3, which would be in turn taken up
in the aerosol. The increase of gas-phase HNOj3 in the morn-
ing is consistent with the sudden drop of NOy (H. Su, 2008,
personal communication, Peking University), and this could
be evidence of the chemistry conversion route. In addition to
NOy, the concentrations of SO, and CO varied significantly
in the morning. At 08:15 LT, the concentrations of SO, and
CO were relatively high, with 41 ppbv and 1 ppmv respec-
tively; after this time, their concentrations decreased rapidly,
e.g. ~6ppbv and ~0.3 ppmv respectively at 10:30LT, and
remained at the relatively low levels until sunset. The mix-
ing ratio of HyO, began to increase markedly at 08:45 LT
and reached 2.8 ppbv at 10:30 LT, which is consistent with
the sudden drop of NOy, SO, and CO detected, and the hy-
droperoxides showed a high level during the daytime. A sim-
ilar diurnal trend for NOx, SO, and CO was observed during
the daytime on 20-21 July. Chin et al. (1994) suggested that
a NOx/NOy ratio of <0.3 could be used to determine when
an air-mass can be described as photochemically aged. The
NOx/NOy ratio was <0.3 between 12:00 and 17:00 LT dur-
ing the three days, indicating that the air could be described
as photochemically aged. This classification was supported
also by the ratio of toluene/benzene almost lower than 0.5.
Li et al. (2005) suggested that a value of toluene/benzene be-
low 0.5 is indicative of photochemically aged air due to the
shorter atmospheric lifetime of toluene compared to benzene.
Therefore, the high levels of hydroperoxides in this period
were thought to be due to a combination of photochemically
aged air with very high levels of HOy, relatively low levels
of NOy (compared to the other days during the observation at
this site), and little surface deposition. This will be discussed
in detail in Sect. 3.2.2.

As described previously, the formation of hydroperoxide
can be represented by Reactions (R1) and (R2) (k7 is taken
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from Sander et al. (2003), at 298 K):

HO, + HO; 5 H,0, + 0,
ki = 1.5 x 10712 cm® molecule ™! s~! (RI)

HO, + HO, + (M) —5> Hy0, + (M) (R2)

(M is air; the calculation of k£ should take into account the
pressure dependence and the temperature dependence and
water vapor dependence.)

However, the NO reaction with peroxy radicals will com-
pete with the formation of hydroperoxides, since the reac-
tions of NO with peroxy radicals are faster than recombi-
nation reactions of peroxy radicals (Lee et al., 2000). At
Backgarden, the average NO mixing ratio at 10:30-14:00 LT
and 14:00-18:00LT on 19-21 July were ~280pptv and
~80 pptv respectively, and the mixing ratio of HO; radicals
was ~2x 10° molecule/cm? at noon. Using the HO, aver-
age concentration, it can be obtained from a simple calcula-
tion that when the concentration of NO is ~65 pptv, the reac-
tion rates of NO-HO, and HO,-HO; could be about equal.
Hence, high levels of hydroperoxides detected in the day-
time may be attributed to the moderate level of NOy and ex-
ceptionally high mixing ratio of HO, radicals produced by
oxidation of VOC and CO at Backgarden.

3.2.2 Kinetics analysis

In general, j(NO;) can be used as an indicator for pho-
tochemically effective radiation. At Backgarden, j(NO,)
usually began to rise after 06:00 (LT), reached maximum
values of ~8x1073s~! at noon and then returned to near-
zero after 19:00 (LT) (personal communication by Bohn, B.,
Forschungszentrum Juelich). During 19-21 July, the maxi-
mum mixing ratios of H,O, were observed during the day-
time, and the diurnal variation of HyO, was generally similar
to that of j(NO,), but the peak values were 2~3 h later. Gen-
erally, the photo-oxidant formation began about 3 h after the
increase of radiation. The peak time of HyO, approached
that of O3 on 19 and 20 July, and the diurnal profiles of these
two species were similar. Additionally, peroxy acetic acid
(PAA), which is produced mainly by photo-oxidation of ace-
tone and PAN, was often detected on 19-21 July. On the ba-
sis of this evidence, we can infer that H,O, and MHP were
produced, to a large extent, in the daytime by the local pho-
tochemical process during the three days.

Even more direct evidence of the photochemical forma-
tion of hydrogenperoxide can be obtained from the diur-
nal profiles of HO,, which were also measured at Backgar-
den. The HO; concentration can be used to calculate the
chemical production rate of HyO,. The mixing ratios of
HO; and H,O, measured on 21 July are shown in Fig. 5.
The mixing ratios of HyO, and HO; are almost zero at the
high concentration of NOy before 09:30 (LT). The sharp in-
crease of HpO, at about 09:45(LT) on 21 July coincides
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Fig. 5. Concentration profiles of HO, and H, O, measured at Back-
garden on 21 July 2006.

with the decrease of the NOy, SO, and CO mixing ratios,
which might be explained by vertical exchange and changes
in the wind direction. In the morning, the wind direc-
tion turned clockwise via northeast (07:30LT) to southeast
(09:30LT). During 10:00-12:00 LT, H>O; continued to rise
at a rate of ~0.81 ppbvh~!, and the chemical production rate
of HyO, was ~0.74 ppbv h~!, as determined from the HO,
concentration of ~8.9x 108 molecule cm™>. The calculation
adopts the expressions recommended by Stockwell (1995),
and the HO; concentration and temperature uses the aver-
age value during the period, resulting in a rate coefficient
of 6.5x 10712 cm? molecule™! s~! at 60% relative humidity.
This indicates that most of the H,O; increase was produced
by in situ formation and the rest might be attributed to the
net effect of vertical mixing. As shown in Fig. 5, the diurnal
cycles of HO, and HyO; were, in general, consistent in the
afternoon until 17:00 (LT); after that, the level of HyO» had a
weak correlation with that of HO». It is worth noting that the
relative humidity rose rapidly after 17:00 LT, while the con-
centration of NO remained low (~30 pptv) in the evening of
21 July.

The decrease of H,O; during the late afternoon until the
night may be attributed to the following reasons. First, con-
sidering the high solubility of HO, (Lind and Kok, 1994;
O’Sullivan et al., 1996), the observed low levels can be ex-
plained by increased relative humidity (~80% at 21:00 LT),
which results in greater wet deposition of H,O» at night than
during the daytime. Secondly, the dry deposition of hy-
droperoxides on the Earth’s surface will become very pro-
nounced under a shallow inversion and at a low wind speed.
The wind speed in the evening on 21 July was ~1 m/s; there-
fore, dry deposition on the surface might have acted as an
important sink for loss of HyO,. Moreover, Walcek (1987)
and Wesley (1989) have found that the deposition rate of
H>O; over trees is much higher than in the free troposphere.
Hence, the low mixing ratios of HyO;, might be due, in part,
to the deposition on the leaves of the dense forests surround-
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ing the observation site. Furthermore, when the temperature
decreased during the night, Henry’s Law constant of HyO»
will increase, resulting in a removal of H;O, from the gas
phase into the liquid phase. As a result, the vast lake adja-
cent to the observation site might be substantially responsible
for the decrease of H,O». In addition, resulting from the lim-
itation of the collection method, the loss of H,O; by elevated
SO; during collection could also be an important reason for
the decrease of gaseous H>O; in the late afternoon.

3.2.3 Impact of local meteorology on hydroperoxides

The two sunny periods discussed here suggests that the hy-
droperoxide formation at Backgarden is, to a large extent,
a local phenomenon. High levels of hydroperoxides were
observed in the two sunny periods between 19-21 July and
24-25. The mixing ratios of hydroperoxides were similar in
the two periods. Moreover, the diurnal variation of HyO»
showed a positive correlation with O3 on 24 July, as shown
in Fig. 4, with the peak time of HyO; 2-3h later than that
of O3. A ratio of toluene/benzene of <0.5 was observed be-
tween 12:00 LT on 24 July to 21:00 LT on 25 July, with a few
exceptions in the early morning of 25 July. This indicates
that during that time the air at Backgarden influenced by the
typhoon front was photochemically aged. All the evidence
indicates that local photochemical activity contributed sub-
stantially to the levels of hydroperoxides during 24 and 25
July.

It is worth noting that the dominant wind directions in the
two sunny periods were opposite. As mentioned previously,
southeasterly winds prevailed at the observation site during
19-21 July. On 24 and 25 July, the wind direction at Back-
garden was northerly and veered to northwesterly in the after-
noon, consistent with that of back trajectories obtained from
NOAA (www.arl.noaa.gov). The wind speeds measured dur-
ing the daytime of these two periods were similar, at ~2 m/s,
ensuring transport of air masses over distances ~30 km be-
tween sunrise and the maximum observed photo-oxidant val-
ues. This suggests that the levels of hydroperoxides at Back-
garden were not influenced by transport at low wind speed.

Thus, much of the variation of hydroperoxide mixing ra-
tios observed at Backgarden on these sunny days can be at-
tributed, to a large extent, to the local photochemical drive.

3.3 Rain

The heavy shower that started at 21:20LT on 25 July and
lasted for 40 min was brought by the typhoon Kaemi. At
17:00LT, the wind direction turned from north to north-
west, and the mixing ratios of NOyx, SO, and CO began to
rise, reaching 19 ppbv, 9 ppbv and 1.6 ppmv, respectively,
at 21:00LT, while O3 decreased from 54 ppbv to 8 ppbv, as
shown in Fig. 4. At the same time, the levels of hydroper-
oxides decreased rapidly, i.e. H»O» went from 3.2 ppbv to
0.9 ppbv and MHP went from 0.6 ppbv to 0.3 ppbv. These
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changes were interrupted at 21:20 LT when there was a heavy
shower at Backgarden. When the rain began to fall, the tem-
perature at ground level was 302 K. The shower lasted for
~40min with lightning activity. During the shower, three
rainfall samples were collected and analyzed immediately.
The maximum concentration of HyO; in the rain samples,
21 umol/L, was detected at the beginning of the shower.
This concentration is within the range from 0.1 uMol/L to
300 uMol/L reported by earlier studies (Hellpointner and
Gib, 1989; Jacob et al., 1990; Hewitt and Kok, 1991; Sauer
et al., 1997; Morgan and Jackson, 2002). Moreover, MHP,
which was seldom observed in rain samples (Hellpointner
and Gib, 1989; Pena et al., 2001; Reeves and Penkett,
2003), was detected in the rain samples at Backgarden at
a concentration of 1.1 umol/L. This value may represent
the concentration of MHP in cloud water. If we assume
that the MHP value in the gas phase at the height of the
cloud base was the same as that detected at ground level,
~0.5 ppbv, the equilibrium concentration of MHP in cloud
water is estimated to be 0.2 uM, on the basis of Henry’s
Law (Hyup=4.16x10> Matm~!, 293K, Sander et al., 2003).
This estimated value is much smaller than the concentration
of MHP detected in the rainwater, which implies a higher
gas-phase level of MHP in the clouds compared to that at
ground level. Similarly, this higher concentration above PBL
(1~2km) can be estimated by Henry’s Law. The ambient
temperature will decrease 6~7 K when the altitude increases
by 1km; thus, the temperature at the height of the cloud
base can be estimated to be ~293 K, while the temperature
at ground level was 302 K. According to the concentration of
MHP detected in the rain (1.1 uMol/L), the gas-phase MHP
mixing ratio above PBL was ~2.6 ppbv. This estimated value
is slightly higher than those reported for earlier field studies
in which MHP was detected directly by aircraft (O’Sullivan
et al., 1999; Lee et al., 2000). MHP may be of great impor-
tance in the redistribution of OH radicals along with the driv-
ing force of atmospheric chemistry (Wennberg et al., 1998;
Cohan et al., 1999; Ravetta et al., 2001; Mari et al., 2000).
Our measurement may be new evidence for the existence of
high mixing ratios of MHP above the PBL.

The levels of hydroperoxides after the shower lend sup-
port to the deduction that high mixing ratios of hydroperox-
ides occur in the PBL. H,O, and MHP exhibited relatively
high mixing ratios of 2.1 ppbv and 0.64 ppbv, respectively,
immediately after the shower; meanwhile, the mixing ratios
of NOy, SO; and CO decreased to relatively low values due
to the dilution and scavenging effects, as shown in Fig. 4.
The mixing ratios of hydroperoxides after the shower were
even higher than they were before the shower. Considering
the much higher solubility of HyO; than that of NOy, SO;
and CO, we suggest that vertical convection might contribute
significantly to the increased HyO, and MHP mixing ratios,
for the following two reasons. First, the air mass above and
in the boundary layer may be carried down to the land sur-
face when rain falls. As a result, the gas-phase HyO; above
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the PBL that was not washed out by the shower might af-
fect the mixing ratio at low altitudes. Second, the falling rain
and rainwater on the ground (e.g. on the leaves of plants)
might release HyO, and MHP into the gas phase during and
after the shower, because of the decrease of Henry’s Law
constants due to the increase of temperature with descend-
ing altitude. In addition, owing to the low level of solubility
and its estimated 2-3 days atmospheric lifetime (Cohan et
al., 1999; Wang and Chen, 20006), a fraction of the increased
MHP might be introduced partly by the advection of typhoon
from other regions. Moreover, although the measurement of
VOC was interrupted in the hours following the shower, the
low mixing ratio of alkenes (~2 ppbv) at around 21:20LT
indicated that the ozonolysis of alkenes might have a minor
impact on the level of hydroperoxides during the shower.

Overall, this measurement of hydroperoxides during the
shower may provide evidence for the high mixing ratio of
hydroperoxides, particularly MHP, above the boundary layer.
This mixing ratio of MHP might potentially influence the re-
distribution of HOx and ROy radical in the PRD on a regional
scale.

3.4 Formation of hydroperoxides by ozonolysis

The ozonolysis of alkenes (e.g. isoprene, terpenes, ethene,
propene and isobutene) can produce a variety of peroxides
(Gib et al., 1985, 1995; Becker et al., 1990, 1993).

It is proposed that ozonolysis proceeds by the initial in-
sertion of the ozone into the double bond forming a primary
ozonide, and decomposes to form excited Criegee intermedi-
ates (ECI) [R{R,COO]J* and a carbonyl compound (Gib et
al., 1985). ECI are biradicals with excess energy, and some
of them will become stabilized Criegee intermediates (SCI)
R1R7COO by interaction with the medium, and the SCI can
react further to produce hydroperoxides. Recent laboratory
studies have revealed that R{R,C(OH)OOH can be formed
by the reaction of SCI with water vapor (Horie et al., 1994;
Neeb et al., 1997; Sauer et al., 1999; Valverde-Canossa et
al., 2001). This R{R,C(OH)OOH decomposes primarily to
H»0; and a carbonyl compound R{COR>, as shown in the
following reactions (R; and R, are alkyl groups):

R{R,COO + H,O — R{R,C(OH)OOH (R3)
H,COO + H,O — HOCH,OOH(R=H, Ry=H) R4)
R{R,C(OH)OOH — R{COR; + H,0O» (RS)

There is some evidence that HyO, and MHP were formed
in the evening. As shown in Fig. 6, a high H,O; mixing ratio
was detected after sunset (19:20 LT) on 24 July; in particular,
a second peak (~1.9 ppbv) was observed during the evening.
Relatively high mixing ratios of alkenes (~8 ppbv), particu-
larly isoprene (~5 ppbv), were detected during the evening
on 24 July, compared to the other nights. The mixing ratio of
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Fig. 6. Diurnal profiles of HO» and H,O, measured at Backgarden
on 24 July 2006, showing a high level of H,O at night.

H,0; at 21:00 LT was about half of the maximum value ob-
served during the daytime. However, the level of HO» at this
time was ~3x 10% molecules cm—3, only ~13% of the maxi-
mum value observed at midday, as shown in Fig. 6. This high
level of HyO» production cannot be attributed to only the re-
combination of HO, radicals, suggesting that the formation
via the ozonolysis of alkenes under moist atmospheric condi-
tions (70% relative humidity) contributes substantially to the
production HyO» during the evening. Further evidence for
this pathway comes from the fact that HOCH,OOCH,OH
(BHMP) was observed for a considerable length of time only
during the night of 24 July. The apparent precursor of BHMP
is HMHP (Géb et al., 1985), which is a unique product of the
ozonolysis of exocyclic biogenic alkenes (Valverde-Canossa
et al., 2001). HMHP is formed by CH,OO biradicals, which
are produced in the ozonolysis of terminal alkenes, as shown
in Reaction (R4), while the formation of BHMP can be ex-
pressed by Reaction (R6):

HOCH,;00H + HOCH,00H — HOCH,OOCH,0H + H,0 (R6)

Therefore, the reaction of alkenes with O3 can be sug-
gested as a source of hydroperoxides at night at the Backgar-
den site. Grossmann et al. (2003) proposed that the ozonol-
ysis of alkenes was a source of H>O; at night at Pabstthum,
Germany.

It is worth noting that MHP had a diurnal profile similar
to that of H,O» in the evening at Backgarden, and MHP also
exhibited a second peak 0.4 ppbv at night on 24 July. This
level of MHP at night was much higher than those reported
for other continents (Hellpointner and Géb, 1989; Jackson
and Hewitt, 1996; Sauer et al., 2001; Grossmann et al., 2003;
Walker et al., 2006).

From Fig. 4, it can be seen that relatively high levels of
hydroperoxides were detected in the evening of 20 and 21
July, which coincided with the increase of C3-Cs alkenes,
especially isoprene, measured in the same time periods.
Moreover, BHMP was also observed in the morning and the
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afternoon of 25 July in addition to the afternoon and night of
24 July. Noticeably, when BHMP was detected, the mixing
ratios of C3-Cs alkenes, particularly isoprene, propylene, 1-
butene and 1-pentene were high, as shown in Fig. 4. Thus,
we suggest that high levels of alkenes, especially isoprene,
are favorable for the formation organic hydroperoxides. Be-
sides BHMP, the relatively high level of PAA was often de-
tected on 23-25 July in addition to 19-21 July mentioned
in Sect. 3.2.2. The maximum mixing ratio of PAA during
the observation was observed in the afternoon on 24 July,
on which PAN also exhibited a high level of ~3 ppbv (B.
Wang, 2008, personal communication, Peking University).
Hence, we suggest that the high levels of PAN and strong
solar radiation in the daytime could favor the formation of
PAA. It is noteworthy that PAA was often detected after sun-
set on 20-21 and 23-25 July, implying that PAA might also
be formed in the absence of photo-oxidation. However, to
our best knowledge, PAA has not been reported as a prod-
uct of the ozonolysis of alkenes, and the relevant mecha-
nism is unclear and need further investigation. The solubility
of BHMP is higher than H>O» (Hpamp=6.0x10° Matm™!,
293 K), thus, it could enter into the aqueous phase easily.
BHMP could easily decompose and convert to HyO», thus
it might take part in the formation of sulfate and SOA in the
form of H,O;. PAA is an important acid in its own right and
could decompose easily into acetic acid and H,O; under typ-
ical tropospheric conditions. As a result, PAA could play a
role in acid deposition both as an oxidant and an acid.

3.5 Hydroperoxide contribution to aerosols

3.5.1 Role of hydroperoxides in the formation of secondary
sulfate

Atmospheric aerosols are responsible for the deterioration of
air quality in industrialized areas and adversely affect hu-
man health and welfare. A major component of aerosols in
North America, Europe, and Asia is secondary sulfate re-
sulting from the atmospheric oxidation of anthropogenically
emitted sulfur dioxide (SO,) (US Environmental Protection
Agency, 2001). Therefore, the oxidants and oxidation pro-
cesses involved in the formation and growth of secondary
sulfate are important subject in need of further study, espe-
cially when taking into account the long-range transport of
anthropogenic sulfate aerosols (Perry et al., 1999). During
the PRIDE-PRD’06 campaign, sulfate present in the aerosol
phase was determined to be a major component, 10~60%, of
PM; 5 mass (S. Guo, 2008, personal communication, Peking
University). The main oxidation process for SO; in the at-
mospheric gas phase is its reaction with OH radicals.
However, it is suggested that the aqueous phase reaction
with H,O, and Oj3 is the main route for SO, oxidation. The
aqueous-phase oxidation with H,O, accounts for 60~80%
of the total oxidation of SO, in the atmosphere, especially
when the pH is <4.5 (Penkett et al., 1979; Calvert et al.,
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1985). Organic hydroperoxides such as MHP, HMHP and
PAA are also able to oxidize SO, (Lind et al., 1987; Zhou
and Lee, 1992). At the pH range of atmospheric interest
(pH=2-7) most of the S(IV) species is in the form of the
bisulfite ion (HSO;). Reactions leading to the formation of
sulfuric acid by hydroperoxides in the aqueous phase are as
follows (Hoffmann and Edwards, 1975):

SO, + H,0 < HSO; + H' (R7)
HSO; + H,0, — HSO; + H0 (R8)
R, = —d[SIV)]/dt = ks[HT][H20,][SAV)] Ms™ 1) (1)
R, =107°LR, (mol(Lofair)~'s™ ") )

kg=7.5+1.6x10"M~!s~! at 298K, (Seinfeld and Pandis,
1998), L is the liquid water content (g H,0/m? air).

While the total amount of dissolved S(IV) always exceeds
that predicted by Henry’s Law for SO, alone, and is en-
hanced at high pH values, the reaction of H,O; with S(IV) is
catalyzed by H™ ions and is faster at low pH. Therefore, the
rate of S(IV) reaction with H,O; is practically independent
of pH over the pH range of atmospheric interest (Schwartz
et al., 1984). Similarly, the reaction of HSO; with MHP is
independent of pH. The oxidation of S(IV) to S(VI) by H,0,
in the aqueous phase is so fast that it can deplete the limiting
compound within 1h at pH <4.5 (Kelly et al., 1985). Con-
sidering the rapid loss of HyO, into the aqueous phase due to
its high Henry’s Law coefficient, we propose that H>O, may
contribute significantly to the formation of sulfate (SOi_) on
droplets and aerosols covered by a water-soluble layer.

Evidence of SO?[ formation by H;O; oxidation was
seen on 21 July, as shown in Fig. 7. Between 13:30
and 15:30LT, the mixing ratio of NOyx, SO; and espe-
cially CO varied slightly, the wind speed remained con-
stant at ~2ms~! and the wind direction was southwest-
erly. Therefore, although it is well recognized that the
sulfate can be transported to long distance (Perry et al.,
1999), the transport might have a minor effect on the con-
centration of sulfate at the observation site during the above
two-hour period. The high mixing ratio of H,O; lasted
from midday to the afternoon, while SO, displayed rela-
tively low mixing ratios but increased slightly after mid-
day. During the time period of 13:30-15:30LT, the aver-
aged and the maximum mixing ratios of SO, are 6.5 ppbv
and 9.9 ppbv respectively, and these SO, levels could only
result in 10~20% loss of HyO» during collection; thus, it
is reasonable to think that the SO, interference on measure-
ment of HyO, was minor and the mixing ratios of HyO;
detected could reflect the situation of the real atmosphere.
Meanwhile, the concentration of sulfate in the aerosol phase
increased at a rate of ~1.7x107'"" molm=3s~! between
13:30 and 15:30LT. During this time, the relative humid-
ity was ~50%, and we used 8.O><10_4gH20/m3 air as a
general estimate of liquid water content in the ground-level
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Fig. 7. Diurnal profiles of HyO», sulfate and SO, on 21 July.

air mass. Considering the aerosols in PRD region was gen-
erally acidic (M.-Q. Huo, 2008, personal communication,
Peking University), we estimate the pH of the aerosols to
be 4~5. On the basis of the average measured concen-
trations, with 1.0x 107 molecule cm™> for OH, 6.5 ppbv for
SO;, 2.8ppbv for HyO, and 50 ppbv for Oz, the sulfate
production rate is 1.4x1072molm—3s~! in the aqueous
phase (using Eq. (1) and (2)) and 3.5x 102 molm—3s~!
in the gas phase, resulting in a combined sulfate produc-
tion in both phases of ~4.9x 1072 molm~—3s~!. This es-
timated sulfate production is much smaller than the mea-
sured value of 1.7x10~!! mol m—3 s~ !, which indicates that
other processes are responsible for the missed source of sul-
fate. It is worth noting that the calculated production of sul-
fate mentioned above includes only the production in the gas
phase and in the aqueous bulk of droplets. The heteroge-
neous chemistry on the surface of droplets and aerosols is
potentially important (Li et al., 2006, 2007; Ammann and
Poschl, 2007; Poschl et al., 2007; Chen et al., 2008), but
it is not taken into account in the above estimation. Jayne et
al. (1990) observed that the uptake of SO, into water droplets
was faster than predicted on the basis of the known kinetics
in bulk solution, and they suggested that a surface complex
was formed between SO, and H,O at the interface. Vacha
et al. (2004) suggested that the concentration of H,O5 is in-
creased in the interfacial region by ~50% compared to the
bulk. Chung et al. (2005) pointed out that salts contain-
ing ammonium ions were found to increase the solubility
of H,O, by up to a factor of two compared to pure wa-
ter. Hasson and Paulson (2003) found that the concentra-
tion of HyO, within aerosols was of the order of 1073 M,
which is one order of magnitude higher than the expected
concentration based on the solubility of HO» in liquid water
(~1x 1074 M). Moreover, Chen et al. (2008) recommended
that the interfacial reaction should be taken into account in
the generalized aqueous phase especially for a rapid reaction.
Combining all these intriguing hints with our estimation, we
suggest that the surface heterogeneous phase reaction, here,
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Fig. 8. Diurnal profiles of HyO, and WSOC measured on 24 and
25 July.

the heterogeneous reaction of SO, with HoO; might make
a substantial contribution to sulfate production. Clearly, the
mechanism, kinetics parameters and yield of sulfate forma-
tion regarding the heterogeneous reactions need further in-
vestigation.

Recent studies have revealed that the enhanced acidity of
the aerosol can catalyze particle-phase heterogeneous reac-
tions of atmospheric organic carbonyl species (Jang et al.,
2002, 2003; Iinuma et al., 2004). The reactions of SO, with
hydroperoxides produce sulfate, and provide hydrogen ions
continuously for heterogeneous reaction systems.

3.5.2 Contribution to the formation of secondary organic
aerosol (SOA) in aerosols

SOA formed through oxidation of atmospheric VOC con-
tributes to the global aerosol burden through both biogenic
and anthropogenic precursors. The biogenic fraction of
SOA contributes the most, with estimates varying between
8 Tgyr~! and 40 Tgyr~! (Penner et al., 2001). Recent lab-
oratory studies have revealed that acid-catalyzed heteroge-
neous reaction of isoprene and its gas-phase oxidation prod-
uct with hydrogen peroxide lead to the formation of SOA
(Claeys et al., 2004b; Boge et al., 2006; Kroll et al., 2006).
This new route may explain the formation of water-soluble
organic compounds (WSOC), which include hydroxyl and/or
carboxyl functional groups and represent a considerable frac-
tion of the SOA (Saxena and Hildemann, 1996).

Some evidence from the PRIDE-PRD’06 study implies
that a negative correlation might exist between the observed
hydroperoxides and the concentration of WSOC. Fig. 8
shows the measured concentrations of HyO, and WSOC, and
it can be seen that the diurnal variations of the two kinds of
species are generally opposite.

It is generally accepted that the formation of SOA from
biogenic hydrocarbons emitted by terrestrial vegetation is
via gas-phase photochemical reactions followed by gas-
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to-particle partitioning (Seinfeld and Pandis, 1998). In
the atmosphere, hydroperoxides and WSOC are competi-
tive in their formation reactions, involving the intermedi-
ates RjR>COO and HO; radicals. Additionally, WSOC may
be produced by acid-catalyzed heterogeneous oxidation with
hydrogen peroxide as reported (Claeys et al., 2004b; Boge
et al., 2006; Kroll et al., 2006), resulting in the consump-
tion of hydrogen peroxide. Thus, a negative correlation of
atmospheric hydrogen peroxide with aerosol-phase WSOC
could be expected to some extent. Recently, the laboratory
study revealed that the aqueous-phase ozonolysis of isoprene
and its gas-phase oxidation product may serve as a poten-
tially important route for the formation of oxidants, includ-
ing HoO; (Chen et al., 2008). The field evidence indicated
that the sampled particles are capable of generating HyO»
in aqueous solution (Arellanes et al., 2006). Although it
is difficult to distinguish quantitatively the contribution of
gas-phase H,O» and H,O; generated in aqueous phase, our
observations might provide some evidence that atmospheric
H,0, potentially contributes to the formation of WSOC and
a negative correlation might exist between the two kinds of
species, as shown in Fig. 8. Combining this H,O,-WSOC
negative correlation and the HyO,-sulfate negative correla-
tion as shown in Fig. 7, the results of our field observations
seem to imply that hydrogen peroxide and sulfuric acid po-
tentially play a potential important role in the formation of
WSOC through acid-catalyzed heterogeneous oxidation with
hydrogen peroxide. In this study, we attempt to give a field
evidence for the HyO,-WSOC relationship for the first time.
Actually, our given evidence is still weak, and more field ev-
idences should be provided in the future.

In addition to H,O», organic hydroperoxides, especially
HMHP and MHP, potentially play a role in the formation
of WSOC. As mentioned above, HMHP can decompose to
H,0, and formaldehyde in the aqueous phase (O’Sullivan et
al., 1996; Chen et al., 2008), which can subsequently partic-
ipate in the formation of WSOC in the form of H>O;. It has
been shown that the concentrations of HyO, and MHP are
similar in many parts of the atmosphere (Reeves and Pen-
kett, 2003). Although the Henry’s Law constant of MHP
in pure water is much lower than that of HyO», the role of
MHP in the atmospheric aqueous phase may be much more
important than that estimated by its Henry’s Law constant
in pure water. It is worth noting that formaldehyde was
found in the aerosol at concentrations 1000-fold higher than
the equilibrium concentration calculated only from its gas-
phase formaldehyde and aqueous aerosol (Klippel and War-
neck, 1978). This unexpected partitioning may be because
formaldehyde in the aqueous aerosol is complexed with some
soluble species (Facchini et al., 1992). The Henry’s Law con-
stant of formaldehyde obtained in this case is usually called
its effective Henry’s Law constant. However, to our knowl-
edge, a similar study for enhanced solubility of MHP in the
aqueous phase has not been reported. Considering the po-
tential importance of MHP in the aqueous-phase reaction, its
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effective Henry’s Law constant in solutions regarding real at-
mospheric conditions needs further study.

In summary, hydroperoxides play an important role sub-
stantially in the formation of secondary sulfate and poten-
tially in the formation of organic aerosols. First, hydroper-
oxides oxidize SO into sulfate aerosols and simultaneously
produce hydrogen ions. Second, with the increase of hydro-
gen ions derived from the above reaction, hydroperoxides
will effectively oxidize organic compounds into WSOC by
acid-catalyzed heterogeneous reactions. Third, the formation
of WSOC will increase the hygroscopicity of aerosols, which
in turn results in an increase of SO, oxidation by increasing
the aqueous phase. Therefore, hydroperoxides serve as an
important link between sulfate and organic aerosols. Such a
link needs further study and should be considered in current
atmospheric models.

4 Conclusions

Atmospheric HyO; and organic hydroperoxides were mea-
sured for 13 days during the PRIDE-PRD’06 campaign
at Backgarden, a rural site located ~60km northwest of
Guangzhou. H>0, and MHP were the dominant hydroper-
oxides present in the air with a maximum mixing ratio of
4.6 ppbv for HyO, and 0.8 ppbv for MHP. BHMP, PAA,
HMHP, 1-HEHP and EHP were detected occasionally. H,O»
exhibited the maximum mixing ratio mainly between 12:00
and 18:00LT on sunny days and low values at night and in
the morning. Sometimes a second peak was observed during
the evening (20:00-02:00 LT), which might be produced by
the ozonolysis of alkenes. The diurnal variation of MHP was
generally consistent with that of HyO; but less pronounced.
The estimation for the H,O, formation rate from HO, re-
combination indicates that in the morning most of the H,O»
was formed through local photochemical activity, and verti-
cal mixing might be a source. It was noteworthy that high
levels of hydroperoxides were found in polluted air with a
high mixing ratio of VOC and CO. The high level of HO,
radicals and the low level of NO detected simultaneously in
this region in the day may effectively support the produc-
tion of hydroperoxides. High concentrations of H,O; and
MHP were detected in samples of rain collected during a
shower when a strong typhoon passed through the observa-
tion site. The estimation using the Henry’s Law indicates
that a considerably high mixing ratio of MHP resided above
the boundary layer and might further influence the redistri-
bution of HOx and ROy radicals in the PRD region. Ev-
idence was found that hydroperoxides, in particular H>O»,
contributed considerably to the formation of aerosol-phase
sulfate via the aqueous-phase oxidation, and heterogeneous
reactions may contribute substantially to the concentration of
sulfate measured at the site. Furthermore, the results seem to
imply that hydroperoxides may contribute potentially to the
formation of WSOC, as indicated by the fact that their diur-
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nal variations exhibited a negative correlation. This possibly
provides evidence gathered in the field to support the impor-
tance of hydroperoxides in the formation of SOA found in
laboratory studies. We suggest that hydroperoxides serve as
an important link between sulfate and organic aerosols. This
link needs further study and should be considered in current
atmospheric models.
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