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Abstract. Field measurements of atmospheric peroxides
were obtained during the summer on two consecutive years
over urban Beijing, which highlighted the impacts of aerosols
on the chemistry of peroxide compounds and hydroperoxyl
radicals (HO2). The major peroxides were determined to be
hydrogen peroxide (H2O2), methyl hydroperoxide (MHP),
and peroxyacetic acid (PAA). A negative correlation was
found between H2O2 and PAA in rainwater, providing evi-
dence for a conversion between H2O2 and PAA in the aque-
ous phase. A standard gas phase chemistry model based on
the NCAR Master Mechanism provided a good reproduc-
tion of the observed H2O2 profile on non-haze days but
greatly overpredicted the H2O2 level on haze days. We at-
tribute this overprediction to the reactive uptake of HO2 by
the aerosols, since there was greatly enhanced aerosol load-
ing and aerosol liquid water content on haze days. The dis-
crepancy between the observed and modeled H2O2 can be di-
minished by adding to the model a newly proposed transition
metal ion catalytic mechanism of HO2 in aqueous aerosols.
This confirms the importance of the aerosol uptake of HO2
and the subsequent aqueous phase reactions in the reduction
of H2O2. The closure of HO2 and H2O2 between the gas and
aerosol phases suggests that the aerosols do not have a net
reactive uptake of H2O2, because the conversion of HO2 to
H2O2 on aerosols compensates for the H2O2 loss. Labora-
tory studies for the aerosol uptake of H2O2 in the presence
of HO2 are urgently required to better understand the aerosol
uptake of H2O2 in the real atmosphere.

1 Introduction

Peroxides play important roles in atmospheric chemical pro-
cesses. They serve as oxidants both in their own right and as
a reservoir species for HOx (OH and HO2) radicals, the prin-
ciple oxidants in the troposphere (Lee et al., 2000; Reeves
and Penkett, 2003). Among the peroxides, hydrogen perox-
ide (H2O2), methyl hydroperoxide (MHP, CH3OOH), and
peroxyacetic acid (PAA, CH3C(O)OOH) are of the most
concern. It is well known that H2O2, together with organic
peroxides including MHP and PAA, can oxidize the dis-
solved S(IV) to S(VI). This results in the formation of sul-
fate aerosols in the atmospheric aqueous phase, particularly
under low pH conditions (Penkett et al., 1979; Calvert et
al., 1985; Lind et al., 1987; Gaffney et al., 1987), and con-
tributes to the formation of up to 60 % of the sulfate aerosols
in the global atmosphere (Feichter et al., 1996). It has also
been suggested that H2O2 performs an important function
in the formation of secondary organic aerosols (SOA) in the
isoprene oxidation system (Claeys et al., 2004; Böge et al.,
2006). MHP has been recognized as the most abundant or-
ganic peroxide over the past years, with a level similar to
H2O2 (e.g., Frey et al., 2005; X. Zhang et al., 2012). The fea-
ture of MHP that is of most concern is its correlation with
formaldehyde (HCHO). The combination of the methyl per-
oxy radical (CH3O2) and the HO2 radical will yield either
MHP (R1) or HCHO (R2) as it undergoes different reac-
tion channels. In addition, CH3O2 can react with NO to yield
HCHO (Reactions R3–R4) in high NOx regions.
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CH3O2 + HO2 → CH3OOH+ O2 (R1)

CH3O2 + HO2 → HCHO+ H2O+ O2 (R2)

CH3O2 + NO → CH3O+ NO2 (R3)

CH3O+ O2 → HCHO+ HO2 (R4)

HCHO is also a reservoir species for HOx radicals, and
its photochemical frequency is an order of magnitude higher
than that for MHP (Sander et al., 2011). Therefore, the com-
petitive generation of MHP and HCHO will sequentially de-
termine the production of HOx radicals. Moreover, MHP has
a longer lifetime than H2O2 and therefore is more readily
transported at large scales, leading to a redistribution of radi-
cals (Cohan et al., 1999). PAA has received more attention in
the past few years, mainly due to its correlation with perox-
yacetic nitrate (PAN, CH3C(O)OONO2) (Zhang et al., 2010;
Phillips et al., 2013). Like MHP, PAA is also a product of
competitive reactions. PAA is produced when the acetyl per-
oxy radical, CH3C(O)O2, reacts with HO2 (Reaction R5);
whereas PAN forms when CH3C(O)O2 combines with NO2
(Reaction R6). Reactions (R5) and (R6) have a similar reac-
tion rate constant; therefore, PAN is more readily generated
under high NOx conditions. Because PAN can rapidly de-
compose back to CH3C(O)O2 due to its thermal instability
(Reaction R7), the thermally stable PAA can serve as an im-
portant sink for CH3C(O)O2 in warm conditions (Phillips et
al., 2013).

CH3C(O)O2 + HO2 → CH3C(O)OOH+ O2 (R5)

CH3C(O)O2 + NO2 → CH3C(O)OONO2 (R6)

CH3C(O)OONO2 → CH3C(O)O2 + NO2 (R7)

Furthermore, PAA has been determined at a level ap-
proaching or even exceeding that of H2O2 and MHP (Zhang
et al., 2010; Phillips et al., 2013). Stein and Saylor (2012)
suggest that the PAA-initiated oxidation is important for the
conversion of S(IV) to sulfate in the atmospheric aqueous
phase under certain conditions.

Aerosols are ubiquitous in the atmosphere and play an im-
portant role in atmospheric physical and chemical processes.
The abundance and state of the aerosols affect the fate and

behavior of trace gases. These impacts are generally placed
into two categories: (i) aerosols affect the flux of solar radia-
tion and hence the photochemical activities of traces gases
(e.g., R. V. Martin et al., 2003; Li et al., 2011); and (ii)
aerosols provide sites for heterogeneous reactions of trace
gases. Peroxides are directly or indirectly involved in both
of these impacts. Aerosols will decrease the HO2 radicals,
which are a photochemical product as well as a precursor
of peroxides, by taking up HO2 radicals and attenuating so-
lar radiation. A number of laboratory studies revealed that
the aerosols have great capacity to take up HO2 radicals, al-
though the reported values have considerable discrepancy,
ranging from < 0.01 to 0.40, depending on the components
of the particles and experimental conditions (e.g., Bedjanian
et al., 2005, 2013; Thornton and Abbatt, 2005; Taketani et
al., 2008, 2009, 2010, 2012; George et al., 2013). Labora-
tory studies have also suggested that the reactive uptake of
HO2 on aerosols will potentially lead to the production of
H2O2 (Loukhovitskaya et al., 2009); joint field observations
of HO2 and H2O2, however, suggested that the HO2 uptake
will not lead to an increase in gaseous H2O2 (Wang et al.,
2003; Cantrell et al., 2003; Mao et al., 2010). Obviously,
more pertinent laboratory and field studies are needed to re-
solve this contradiction. Aerosols also have a direct effect on
peroxides. The attenuation of solar radiation by aerosols will
lead to the reduced photolysis of peroxides. Aerosols will
take up H2O2, resulting in a decrease of gaseous H2O2; this
has been demonstrated by laboratory studies (Pradhan et al.,
2010a, b; Zhao et al., 2011, 2013), modelings (de Reus et
al., 2005), and observations (He et al., 2010). In summary,
aerosols affect both the formation and removal of peroxides
and sequentially influence the atmospheric oxidation capac-
ity and the budget of HOx radicals; however, the exact kinetic
parameters and mechanisms have remained very uncertain to
date.

Haze is a result of intensive aerosol pollution. Haze can
significantly strengthen the effects of aerosols, leading to a
narrowing of atmospheric visibility, a critical reduction in so-
lar radiation flux, and substantial negative impacts on public
health (e.g., Chameides et al., 1999; Yadav et al., 2003; Sun
et al., 2006; Hyslop, 2009). Beijing, China, a megacity with
a population of 20 million, experiences frequent haze due to
its high levels of particulate matter pollution. For example, in
January 2013, Beijing endured a lengthy dense haze episode
and had only five non-haze days in the whole month (Ma
et al., 2013). Although many recent studies have focused on
atmospheric components in both the gas and aerosol phases
during haze episodes (Sun et al., 2006; Wang et al., 2006;
Yu et al., 2011; Duan et al., 2012; Guo et al., 2012), the cy-
cling and budget of oxidants in the hazy atmosphere over
Beijing remain poorly understood. Since 2006, we have mea-
sured atmospheric peroxides in Beijing during the summer-
time (He et al., 2010; Zhang et al., 2010; X. Zhang, 2012),
with the goal of understanding the atmospheric oxidation ca-
pacity and chemical reaction mechanisms of trace gases in
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this area. Fortunately, we find that field measurement data in
August 2010 and August 2011 are appropriate for studying
the impacts of aerosols on peroxides. The observational days
were relatively clear and sunny in August 2010, and a haze
episode occurred in August 2011. The meteorological condi-
tions during these two periods were similar and the emissions
of primary trace gases were presumed to vary little due to
their stable sources. Thus, the data from these two years are
highly comparable. In this study, we compared the levels of
peroxides and other trace gases on non-haze and haze days,
and then we used a box model to investigate how aerosols
affected the budgets of H2O2 and HO2.

2 Experimental section

2.1 Measurement site description

Atmospheric peroxide observations were conducted during
the summers of 2010 and 2011 on the campus of Peking
University (PKU, 39.991◦ N, 116.304◦ E), situated north-
west of urban Beijing, the capital city of China. A series
of observations for peroxides have been performed at this
site since 2006 (He et al., 2010; Zhang et al., 2010, X.
Zhang, 2012). East and north of the campus are two ma-
jor traffic thoroughfares where traffic jams occur frequently.
The observatory was set up on the top of a six-story build-
ing with the sampling inlet at∼ 26 m above the ground.
In addition to peroxide measurements, other trace gases
(CO, SO2, NO, NO2, O3, etc.), meteorological parameters
(temperature, relative humidity, wind direction, and wind
speed), and aerosols were measured at the same time. Dur-
ing August 2010, the mean temperature was 28.9± 3.6◦C
(mean± standard variation, the same hereafter), the mean
relative humidity (RH) was 59.4± 19.6 %, the mean wind
speed was 2.0± 1.2 m s−1, and the mean wind direction
was 230.6± 67.5◦. During August 2011, the mean tempera-
ture was 28.2± 3.6◦C, the mean RH was 68.6± 14.6 %, the
mean wind speed was 1.5± 0.9 m s−1, and the mean wind
direction was 226.3± 85.0◦.

2.2 Sampling and analyzing method for peroxides

The instrument for taking peroxide measurements was
placed in a room on the top floor, where several air condi-
tioners were assembled to stabilize the temperature to around
28◦C. The sampling inlet was mounted on the roof where it
could collect intensively mixed air samples. Air was drawn
into a scrubbing coil by a vacuum pump through∼ 6 m of
Teflon tubing (1/4 inch outside diameter) with a flow rate of
2.7 slm (standard liters per minute); thus, the residence time
was no more than 2 s in the tubing. The scrubbing coil was
a glass-made collector at a controlled temperature of 4◦C.
The eluent, 5× 10−3 M phosphoric acid (H3PO4, pH= 3.5),
was pumped into the scrubbing coil at a rate of 0.2 mL min−1

to dissolve the sampled air. The collection efficiencies of the

scrubbing coil were determined to be∼ 100 % for H2O2 and
∼ 85 % for MHP in our previous work (Hua et al., 2008), and
we assumed them to be∼ 85 % for PAA in the present study
since the Henry’s law constant for PAA is on the same order
as that for MHP.

Once collected, the air samples dissolved in the eluent
were injected automatically into the HPLC system by an auto
sampler for analysis. We pumped 5× 10−3 M H3PO4 (pH
= 3.5) into the column as a mobile phase at a flow rate of
0.5 mL min−1 using an HPLC pump (Agilent 1100). After
separation in the column, the peroxide components in the air
samples were mixed with p-hydroxyphenylacetic acid (PH-
PAA) in the presence of hemin catalyst, and reacted to form
a stable fluorescent dimer for fluorescence detection using a
fluorescence detector (Agilent 1200). During rainfalls, rain
samples were collected into vials using a glass funnel and
immediately injected into the HPLC system for analysis.

The ambient relative humidity can affect the flow rate of
the eluent and hence the calculation of the peroxide concen-
tration; therefore, it is necessary to calibrate the flow rate.
The volume of water flowing through the scrubbing coil per
minute that is brought in with the sampled air can be calcu-
lated as

V1 =
RHpH2OV MH2O

RT ρH2O
(1)

where RH is the ambient relative humidity,pH2O is the sat-
urated vapor pressure of water,V is the air flow rate driven
by the vacuum pump,MH2O is the molecular weight of wa-
ter,R is the universal gas constant (8.314 J mol−1 K−1), T is
the temperature of the sampled air, andρH2O is the density of
liquid water (1g mL−1 at 4◦C).

Similarly, the water volume exiting the scrubbing coil can
be given as

V2 =
100%× 813.27Pa× 2.7 L min−1

× 18g mol−1

8.314 J mol−1K−1 × 1 g mL−1 × 277.15K
(2)

= 0.017mL min−1.

The above equation is based on the assumption that the air
leaving the scrubbing coil is at a temperature of 4◦C and is
water saturated. The flow rate of the eluent should then be
corrected to the following:

Flow rate= 0.200 mL min−1
+ V1 − V2 (3)

= 0.183 mL min−1
+ V1.

After this calibration, the change in H2O2 concentrations
is less than 10 %.

Our method has been carefully evaluated in the literature
(e.g. Sauer et al., 1996, 2001) and in our previous study
(Hua et al., 2008). The heterogeneous decomposition and
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the artifact production of peroxides in the tubing were neg-
ligible. The multipoint calibration showed that the perox-
ide presented a good linear response in a wide concentra-
tion range relative to the atmosphere. In the field, single
point calibrations were done twice a day with a mixing stan-
dard solution. The largest uncertainty came from the interfer-
ence of SO2. H2O2 concentrations were underestimated by
∼ 10 %,∼ 30 % and∼ 50 % when SO2 concentrations were
10, 25, 50 ppbv (parts per billion by volume), respectively.
The average concentrations of SO2 were determined to be
4.0± 2.6 ppbv in August 2010 and 2.1± 1.7 ppbv in August
2011, indicating that the H2O2 loss caused by SO2 interfer-
ence was typically less than 10 % during our measurements.
The loss of organic peroxides caused by SO2 interference
was smaller than that of H2O2. Therefore, our observational
data for the peroxides were reliable. Further details on this
method can be found in Hua et al. (2008).

2.3 Measurement method for other trace gases and
meteorological parameters

The trace gases were monitored using a series of special-
ized continuous online analyzers (Thermo 48i, 43i, 42i, and
49i analyzers for CO, SO2, NO-NO2-NOx, and O3, respec-
tively). The mass concentration of PM2.5 was determined by
TEOM 1400A analyzer. The time resolution for all of these
species was 1 min. Meteorological parameters including tem-
perature, RH, wind speed, and wind direction were recorded
continuously by a weather station (Met One Instruments Inc.,
USA).

2.4 Method for model calculation

2.4.1 Description of the basic model

The model used in the present study is a photochemical box
model based on the NCAR Master Mechanism (Madronich
and Calvert, 1990; version 2.4.03; hereafter NCAR_MM).
The mechanism contains nearly 2000 species and 5000 gas
phase reactions. The reaction rates for the major reactions
are in agreement with those recommended in Sander et
al. (2011).

The box model does not take into account transport and
dilution processes, but it includes the variation in the height
of the planetary boundary layer (PBL). Deposition is also in-
cluded and its rate varies with the PBL height. In the box
model, most input parameters could be time related. A tro-
pospheric ultraviolet and visible (TUV) radiation model is
coupled online to calculate the photolysis rate. In this study,
the box model is applied to study the atmospheric fate of
H2O2 under different conditions.

2.4.2 Model extension

The box model is extended with aqueous phase reactions re-
garding the chemistry of HOx and H2O2. The aqueous phase

reactions are chiefly drawn from a chemical aqueous phase
radical mechanism (CAPRAM 2.4; Ervens et al., 2003) and
Mao et al. (2013) (See Table S1). The uptake and volatiliza-
tion of trace gases are described by the resistance model
(Schwartz, 1986) as first-order reactions, with rate constants
as follows:

kin =

(
r

Dg
+

4

ωα

)−1

As (4)

and

kout = kin
1000

LWCKHRT
. (5)

In these equations,r is the surface area-weighted radius
of particles (m),Dg is the gas phase diffusion coefficient
(m2 s−1), α is the mass accommodation coefficient assumed
to be unity in the present study,AS is the aerosol surface
area available for the phase transfer (m2 m−3), LWC is the
liquid water content (fixed to m3 m−3), KH is the physical
Henry’s law constant (M atm−1), R is the universal gas con-
stant (8.206× 10−2 atm M−1 K−1), T is the ambient temper-
ature (K), andω is the mean molecular speed (m s−1) given
by

ω =

√
8RT

πM
, (6)

where M is the molecular weight of the trace gases
(kg mol−1). SO2, O2, O3, and H2O2 are assumed to be inten-
sively mixed in the aqueous aerosols due to their long life-
time in the aqueous phase. Since aqueous HO2 has a short
lifetime, the surface concentration of HO2 is different from
its bulk concentration and is corrected according to Mao et
al. (2013) (see the Supplement). The aqueous OH concentra-
tion is calculated on the basis of the aqueous phase steady
state since the uptake of OH from the gas phase is unimpor-
tant.

3 Results and discussion

3.1 Peroxides in general

Measurements were performed in August 2010 and August
2011. The predominant peroxides in the gas phase were de-
termined to be H2O2, MHP, and PAA. Considering the avail-
ability by date of supporting data for meteorological parame-
ters, trace gases, and aerosols, we focus our analysis and dis-
cussion on observational data from 7–15 August 2010 and
10–18 August 2011. The time series and averaged diurnal
variations of peroxides on those dates are illustrated in Figs. 1
and 2, and the statistical data are summarized in Table 1. It
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Table 1.Summary of atmospheric peroxide concentrations (ppbv) in August 2010 and August 2011, urban Beijing.

August 2010 August 2011

H2O2 MHP PAA H2O2 MHP PAA

D.L.a 0.008 0.120 0.013 0.009 0.090 0.012

24 h

N 503 503 503 654 654 654
mean (±S.D.b) 0.20(±0.28) 0.25(±0.12) 0.19(±0.16) 0.10(±0.22) 0.26(±0.17) 0.21(±0.34)
median 0.08 0.23 0.13 0.01 0.22 0.08
maximum 1.59 1.13 0.75 2.08 1.10 2.00

Daytime (08:00–20:00 LTc)

N 248 248 248 322 322 322
mean (±S.D.) 0.24(±0.29) 0.25(±0.10) 0.23(±0.18) 0.11(±0.23) 0.25(±0.15) 0.30(±0.42)
median 0.11 0.23 0.18 0.01 0.22 0.09
maximum 1.33 1.13 0.73 1.56 1.10 2.00

Nighttime (20:00–08:00 LT)

N 254 254 254 332 332 332
mean (±S.D.) 0.17(±0.27) 0.25(±0.11) 0.16(±0.14) 0.09(±0.21) 0.27(±0.18) 0.14(±0.21)
median 0.05 0.23 0.10 0.01 0.23 0.07
maximum 1.59 0.72 0.75 2.08 0.97 1.07

aD.L.: detection limit,bS.D.: standard deviation,cLT: local time.
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Fig. 1.Temporal profiles for peroxides in the summers of 2010 and
2011.

should be noted that the value below the instrument detection
limit was treated as equal to the value of detection limit.

The observed peroxides for these two summers over Bei-
jing showed three different points compared to previous ob-
servations. First, organic peroxides accounted for a large
proportion of the total peroxides. MHP and PAA together
composed 80 % of the concentration of total observed per-
oxides (i.e., H2O2+ MHP + PAA); this was much greater
than that observed in other sites (summarized in, e.g., Lee et
al., 2000; Walker et al., 2006; Kim et al., 2007; Hua et al.,
2008). Noticeably, PAA was often observed having a high
level of∼ 1 ppbv. Combining the results of the peroxides ob-
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Fig. 2.Hourly-averaged diurnal cycles for peroxides in the summer
of 2010 and 2011.

served in 2006, 2007, and 2008 (He et al., 2010; Zhang et
al., 2010), we conclude that PAA is a major component of
the organic peroxides over Beijing in the summer. Very re-
cently, Phillips et al. (2013) measured PAA in a boreal for-
est in Finland during the summer using iodide chemical ion-
ization mass spectrometry and found a maximum concen-
tration of 1.2 ppbv, close to the value in our observations.
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These studies reveal that PAA may play an important role in
atmospheric chemistry. Second, the diurnal maxima shifted
toward the evening. In the summer in Beijing, interestingly,
the diurnal maxima of peroxides seems to have shifted from
15:00–19:00 local time (LT) in 2006–2008 (He et al., 2010;
Zhang et al., 2010) to 17:00–21:00 LT in 2010–2011 (the
present study). This delay is possibly caused by the enhanced
NOx, which is associated with an increasing vehicle popula-
tion. Fleming et al. (2006) found that high NOx in daytime
would lead to a suppression of the peroxy radical level via
the repartitioning of peroxy radicals to alkoxy radicals. This
subsequently leads to a shift of the peroxy radical time pro-
file toward the evening. As a consequence, the peak of the
peroxides would also shift toward the evening since these
peroxy radicals are precursors for peroxides. Third, the re-
moval rates of peroxides are fast, particularly at night. The
nighttime removal rates of peroxides were estimated with
concentration-to-time slopes between 20:30 and 05:30 in the
hourly average diurnal profile in August 2010, as shown in
Fig. 2a. During this period, the formation of peroxides was
weak and thus could be neglected. The average removal rates
are calculated to be 1.1× 10−4 s−1 for H2O2, 1.7× 10−5 s−1

for MHP, and 4.8× 10−5 s−1 for PAA. To our knowledge,
dry deposition dominates the removal of peroxides at night.
Considering the nighttime PBL height of∼ 500 m (Sun et
al., 2012) in summertime Beijing, we require an average dry
deposition velocity of 5.5 cm s−1 for H2O2, 0.85 cm s−1 for
MHP, and 2.4 cm s−1 for PAA in order to explain the cor-
responding removal rates of peroxides. The dry deposition
velocities for peroxides, however, have been reported over a
wide range. For H2O2, they range from 0.1 to 5.0 cm s−1 (Ta-
ble 2), depending on differences in the underlying surface.
The higher values were usually observed (or modeled) over
the forest, where the surface resistance is typically smaller.
The values in other regions are much lower. Therefore, the
dry deposition velocity of H2O2 over urban Beijing should
be much lower than 5.5 cm s−1, which is the level needed to
explain the nighttime removal of H2O2 deposition. MHP and
PAA have a much lower dry deposition velocity, 30 times
slower than H2O2, due to their low solubility (Hauglustaine
et al., 1994). In summary, we propose that dry deposition
only accounts for part of the nighttime removal of peroxides
over Beijing. Apparently, photochemical removal pathways,
including OH-initiated reaction and photolysis, are unimpor-
tant at night. Therefore, heterogeneous reactions may play a
potentially important role in the removal of peroxides.

It is found that the hourly averaged diurnal profiles for
H2O2, MHP, and PAA are similar, as illustrated in Fig. 2.
The peroxides rose rapidly during the day when the solar ra-
diation was strong, implying that the local photochemistry
contributed dominantly to these peroxides. According to the
removal rates of peroxides mentioned previously, the atmo-
spheric lifetimes of these species are only on the order of
several hours, implying that regional transport is unlikely to
be important as their source. The transport of other trace

gases, however, may affect the generation of peroxides. To
understand the impacts of air masses, we used the NOAA
Hysplit (hybrid single-particle lagrangian integrated trajec-
tory) model (Draxler and Rolph, 2012;http://ready.arl.noaa.
gov/HYSPLIT.php) to plot 48 h backward trajectories of air
masses for the observed periods. The trajectories are deter-
mined a four-hour interval. It turns out that the dominant air
masses over our observation site can be divided into two cat-
egories: continental (northwesterly and southwesterly) and
marine (southeasterly) originated air masses. Figure 3 com-
pares the observed peroxides in the continental and marine
air masses. It can be seen that MHP tends to be slightly
higher in the marine sector, while H2O2 and PAA are higher
in the continental sector. The high MHP level in the marine
air mass was also reported in several previous observations
(Klippel et al., 2011; X. Zhang et al., 2012) and was ex-
plained by the emissions of methane (CH4) and methyl io-
dide (CH3I) from the ocean. These methyl compounds serve
as precursors for the photochemical formation of MHP. The
atmospheric lifetime was reported as 4–8 d for CH3I (Hu et
al., 2012) and 9.1 yr for CH4 (Prather et al., 2012). Due to
their long lifetimes, these precursors of MHP could be trans-
ported with the air mass. On the other hand, the moisture
accompanying the marine air masses would lead to high hu-
midity and liquid water content, which would strengthen the
removal of peroxides.

3.2 Rainwater peroxides and aqueous phase conversion

On 24 July 2011 the rainfall started at∼ 14:00 LT and lasted
until ∼ 22:30 LT. We alternately obtained rain and air sam-
ples during that period. Similar to the gas phase, the rainwa-
ter contained H2O2, MHP, and PAA as the dominant perox-
ides. The time series of the different peroxides are shown in
Fig. 4.

Interestingly, a negative correlation was observed be-
tween the time series for H2O2 and PAA in rainwater (see
Fig. 4a), whereas the concentrations of gaseous H2O2 and
PAA (Fig. 4b) still showed a positive correlation, similar to
that on sunny days. Comparisons between the calculated and
observed concentrations of peroxides in rainwater are shown
in Fig. 4c, d, and e for H2O2, MHP, and PAA, respectively.
The aqueous concentrations of peroxides are calculated on
the basis of their gas phase concentrations and their effective
Henry’s law constants (K∗

H). K∗
H could be calculated with the

physical Henry’s law constants (KH) reported by O’Sullivan
et al. (1996) and the acidic dissociation constant (pKa) using
Eq. (7):

K∗
H = KH(1+ 10pH−pKa). (7)

The pKa is 11.6 for H2O2 (Marinoni et al., 2011) and 8.2
for PAA (Evans and Upton, 1985). This indicates that theK∗

H
for H2O2 and PAA are almost equal to theirKH and are in-
dependent of the acidity in the pH range of rainwater, pH
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Table 2.Dry deposition velocities for peroxides reported in the literature.

Peroxides Region va
d (cm s−1) Noteb Reference

H2O2 Canadian boreal forest 5.0 daytime Hall and Claiborn (1997)
1.0 nighttime Hall and Claiborn (1997)

H2O2 Cumberland plume 2.0 HcPBL = 1425 m Jobson et al. (1998)
H2O2 Berlin-Brandenbury 0.1–4.4 Hammer et al. (2002)
H2O2 0.33–1.57 model result Zhang et al. (2002)
H2O2 marine boundary layer 1.8± 0.6 Weller et al. (2000)
H2O2 ocean/rainforest 1.35 model result Stickler et al. (2007)
H2O2 Norway spruce forest in Germany 5.0± 2.0 daytime Valverde-Canossa et al. (2006)
ROOH Canadian boreal forest 1.6 daytime Hall and Claiborn (1997)

0.5 nighttime Hall and Claiborn (1997)
MHP marine boundary layer 1.2± 0.4 Weller et al. (2000)
MHP Norway spruce forest in Germany 1.0± 0.4 daytime Valverde-Canossa et al. (2006)
ROOH/H2Od

2 Canadian boreal forest 0.28–0.61 Hall et al. (1999)

a vd: deposition velocity,bPBL height is 1000 m without special notes,cHPBL: the height of PBL,d the ratio of ROOH deposition velocity to H2O2
deposition velocity, dimensionless.
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Fig. 3. Statistics for concentrations of peroxides, NOx, O3, PM2.5, relative humidity (RH), SO2, and temperature at marine and continental
air mass sectors during August 2010 and August 2011. 10M: marine sector of August 2010; 10C: continental sector of August 2010; 11M:
marine sector of August 2011; 11C: continental sector of August 2011.

= 4–7 (Xu et al., 2012); this has also been demonstrated
in a laboratory study (Huang and Chen, 2010). It turned
out that H2O2 is underpredicted at the beginning of the rain
(Fig. 4c), as is PAA at the middle and ending stages of the
rain (Fig. 4e). This underprediction suggests that there must
be an extra source of aqueous peroxides besides scaveng-
ing from the gas phase. During this rain event, two possible
sources are expected, namely the washout process of aerosol

phase peroxides or the aqueous phase production in the rain-
water. Previous laboratory studies (Arellanes et al., 2006;
Shen et al., 2011; Y. Wang et al., 2010; Wang et al., 2011,
2012) have demonstrated that H2O2 could be generated in
the aerosol phase by the decomposition of SOA particles
and the redox reactions catalyzed by a small set of transition
metal ions (TMI). In the real atmosphere, however, most of
the aerosol-generated H2O2 would be quickly released to the
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Fig. 4. Time series of gas phase and rainwater peroxides on 24
July 2011.(a) Observed peroxides in rainwater.(b) Observed per-
oxides in the gas phase.(c)–(e) Comparisons of gas phase perox-
ides observed (solid symbol) and predicted (open symbol) based on
Henry’s law.(f) Temperature.

ambient air to maintain the equilibrium between the aerosol
and gas phases. Therefore, the H2O2 generated in aerosol
could not accumulate fast enough to provide a stable source
of H2O2 in the rainwater; this is also the case for PAA.

A more likely reason for the underprediction is the aque-
ous phase production. To account for the negative correlation
between H2O2 and PAA, these two species should be pro-
duced at different stages of the rainfall. The aqueous phase
production of H2O2 from the reaction of HO2 and its conju-
gate base O−2 (Reaction R8) is well established from previous
laboratory and modeling studies (e.g., Anastasio et al., 1997;
Jacob, 2000; Kim et al., 2002), and it also has been confirmed
by long-term field measurements (Möller, 2009).

HO2 + O−

2 + H+
→ H2O2 + O2 (R8)

In a moderate acidic solution, the production rate of H2O2
from this reaction has been proven to be much faster than that
from a self-reaction of HO2 in the gas phase. We propose
that this reaction is the cause of the aqueous phase H2O2
underprediction at the beginning of the rainfall period. The
aqueous phase production of PAA occurs in two potential
pathways. The first is the reaction of CH3C(O)O2 with O−

2
or HC(O)O− (Schuchmann and von Sonntag, 1988; Faust et
al., 1997):

CH3C(O)OO+ O−

2 + H+
→ CH3C(O)OOH+ O2 (R9)

CH3C(O)OO+ HC(O)O−
→ CH3C(O)OOH+ C(O)O− (R10)

C(O)O−
+ O2 → CO2 + O−

2 . (R11)

CH3C(O)O2 could have been yielded from the OH-
initiated reaction of acetaldehyde and the photolysis of bi-
acetyl (Faust et al., 1997). However, this mechanism can
explain the production of PAA but not the consumption of
H2O2. The second potential pathway is the reversible re-
action of H2O2 and acetic acid (AA). If this reaction is
fast enough, it can explain the simultaneous consumption
of H2O2. In the sulfuric acid solution, the rate constant for
this reaction is estimated to be 3.6× 10−5 M−1 s−1 at 293 K
(Dul’neva and Moskvin, 2005). This indicates that this reac-
tion is of little significance unless the concentrations of H2O2
and AA are on the order of several mM or higher. In rainwa-
ter, H2O2 was determined at a maximum of∼ 60 µM in the
present study; AA was not determined in the present study
but has been reported at∼ 2 µM in previous studies (Xu and
Han, 2009; Willey et al., 2011). The net PAA production rate
is estimated to be only∼ 1.6× 10−5 µM h−1, which is not
sufficient to provide the extra source of PAA. Nevertheless,
rainwater is a complicated system, and some catalytic mech-
anisms could exist for this reaction in the presence of reactive
species including TMI, although as yet there is no labora-
tory evidence. Still, other unknown mechanisms leading to
the conversion between H2O2 and PAA cannot be excluded.
Additional analyses of the rainwater composition as well as
laboratory kinetic studies should be performed to verify the
exact mechanism.

3.3 Peroxides on haze days

We investigated a full haze episode in summer 2011, which
is shown in Fig. 5. The haze arose at noontime on 10 Au-
gust, and lasted until nighttime on 15 August. In the morning
of 10 August, the mass concentration of PM2.5 was around
30 µg m−3 or less, a low level for Beijing. The PM2.5 concen-
tration increased at midday and maintained a high level over
the following days; for example, its hourly averaged value
reached 200 µg m−3 on 12 August and 167 µg m−3 on 13 Au-
gust. The CO concentration was greatly enhanced, reaching a
maximum of 2.4 ppmv (parts per million by volume), show-
ing that the diffusion condition on those days was quite poor.

On 10 and 11 August, the beginning of the haze episode,
low H2O2 and high PAA levels were observed. On the fol-
lowing haze days, however, both the H2O2 and PAA lev-
els decreased to near or under the detection limit. The
diurnal profile of MHP for haze days, peaking at mid-
night and decreasing rapidly in the daytime, was distinct
from that for non-haze days, although its mean concen-
tration, ∼ 0.26 ppbv, varied only a little. Although SO2,
NOx, and water vapor have been proven to be respon-
sible for the decrease in peroxides, their concentrations
showed little difference between non-haze and haze days.
High NOx was regarded as the largest suppression of
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Fig. 5. Time series of observed meteorological parameters, SO2,
CO, NO, NOx, O3, PM2.5 and peroxides on 10–18 August 2011
(during and after the haze episode).

peroxide formation. However, NOx (27.9± 15.0 ppbv) on
haze days was even slightly lower than it was on non-haze
days (30.6± 14.1 ppbv). Moreover, there were few clouds
and low-speed winds during both observation periods, indi-
cating that the decrease in peroxides was neither due to the
decline of solar radiation caused by increasing clouds nor
due to the horizontal transport with the wind. Therefore, we
tentatively ascribe this decrease in peroxides to the impact
of enhanced aerosols. Aerosols can play a dual role in per-
oxide chemistry, as mentioned in Sect. 1. First, aerosols at-
tenuate the solar radiation and subsequently weaken the pho-
tochemical activity of trace gases. This attenuation can be
evaluated by the aerosol optical depth (AOD), which repre-
sents the extinction of solar radiation through aerosol scat-
tering and absorption. AOD has been proven to increase lin-
early with increasing PM2.5 mass concentration, especially in
metropolitan areas (Chu, 2006; Schaap et al., 2009). There-
fore, increasing PM2.5 can result in an increasing AOD and
reduced solar radiation. In addition, the low ozone that was
observed on haze days also provides evidence for weakened
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Fig. 6. Hourly-averaged ratio of peroxide to O3 on non-haze and
haze days. The error bar represents the standard deviation (1σ ) of
the 1 h average data.

photochemical processes. As a result, both the photochemi-
cal production and the photolysis of H2O2 were weakened.
Second, aerosols provide sites for heterogeneous reactions.
These reactions can provide either sources or sinks for per-
oxides. In the real atmosphere, however, these two impacts
of aerosols are in fact mixed and interactive. A simple means
of distinguishing them is to compare the ratio of peroxide to
ozone (PO / O3) on the non-haze and haze days. Ozone has
similar photochemical processes with peroxides but is little
affected by the heterogeneous reaction occurring on aerosols
(Jacob, 2000; Mogili et al., 2006). Thus, the variability of
PO / O3 could reflect how much the heterogeneous reaction
affects peroxides. Because peroxides have a different diurnal
cycle than ozone, PO / O3 is lowest at noontime and highest
in the late afternoon. As shown in Fig. 6, the highest value of
PO / O3 on non-haze days was higher than the highest value
on haze days, particularly for H2O2. This suggests that the
heterogeneous reaction provided a sink for peroxides. Nev-
ertheless, any conclusion based solely on the PO / O3 ratio
would be preliminary and possibly inaccurate, because the
sensitivity to the solar radiation is in fact different between
peroxides and ozone. Although both peroxides and ozone are
produced by the reactions of peroxy radicals, the production
rate of peroxides is quadratic on the concentrations of peroxy
radicals, whereas the production rate of ozone is linear (Ran
et al., 2012). Model calculations are required to further verify
the impacts of aerosols on peroxides. The model calculations
are described in Sect. 3.4.
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3.4 Modeling

3.4.1 Standard gas phase model

We use a photochemical box model based on the
NCAR_MM mechanism to quantify the impacts of aerosols
on peroxides. Details on this model are provided in Sect. 2.4.
The model did not reproduce MHP and PAA well due to the
lack of VOC measurement data and their unclear heteroge-
neous reaction mechanisms. Here we focus on the simulation
of H2O2.

The model runs begin every thirty minutes. The observed
concentrations of CO, NO, NO2, H2O, and O3 are used as
input data to initialize each model run. The small amount of
data missing due to the instrument problem is filled through
interpolation. It is unfortunate that the detailed VOC (volatile
organic compound) data for the investigated two summers
are unavailable. As an alternative, we use the daily mean
values of the VOCs observed during summer 2007 (Liu et
al., 2012) as input data to the model. The lack of VOC
measurements would result in a considerable uncertainty for
simulating H2O2 and a poor simulation for MHP and PAA.
However, some information can be used to understand the
year to year variability in VOC levels as well as the variabil-
ity between non-haze and haze days. B. Wang et al. (2010)
reported that the vehicle emission was the major source for
NMHCs (non-methane hydrocarbons) in summer Beijing.
Lang et al. (2012) analyzed the variation trend of vehicle
population and vehicular emission factors in Beijing from
1999 to 2010. In their study, the vehicle population in Bei-
jing increased but the emission factors decreased year by
year. As a result, the NMHC emissions showed a slight de-
creasing trend, decreasing∼ 15 % in year 2010 compared to
year 2007. We made a NMHC comparison between the haze
episode (summer 2006 reported by Guo et al., 2012) and the
normal days (e.g., summer 2007 reported by Liu et al., 2012)
and found no significant difference in concentrations and dis-
tribution of different types of NHMCs. Therefore, we suggest
that the change for VOCs in Beijing would be expected to a
small extent from 2007 to 2011 and between non-haze and
haze days. The concentrations of output products are input
into the next model run. The initial value of H2O2 is given
by its observed value at 00:00 LT each day. The height of
the planetary boundary layer (PBL) over Beijing is assumed
to fluctuate between 500 m and 1500 m, with the maximum
at noon and the minimum at midnight (Sun et al., 2012). In
the TUV model, the wavelength is assumed to range from
120 nm to 735 nm, and the single scattering albedo is as-
sumed to be 0.90 (Xia et al., 2006). The model uses the AOD
at 550 nm (AOD550) as an input parameter, which is calcu-
lated as follows: AOD550 = [PM2.5(µg m−3)−25.85]/45.57
(Lin et al., 2013). The dry deposition rate of H2O2 is set as
1.8× 10−5 s−1 at a PBL height of 1000 m, which is a mod-
erate rate as discussed in Sect. 3.1.

Before simulating the observed H2O2, we conduct sen-
sitivity analyses in eight cases to investigate the effects of
the different input parameters on H2O2. The date of 7 Au-
gust 2010 is selected for these analyses. The analyzed com-
pounds include CO, NO, NO2, H2O, O3 and the categorized
VOCs (alkanes, alkenes, and aromatics). In each case, we
reduced one of these compounds by half compared to the
reference run and then calculated the concentrations of OH,
HO2, and H2O2. The modeled daytime maximum concen-
trations of OH, HO2, and H2O2 are compared in Table 3. It
is seen that the H2O2 concentration is most sensitive to NO2
but it is insensitive to NO. In the daytime, the self-reaction of
HO2, which produces H2O2, competes with the HO2+NO re-
action. Meanwhile, there is a rapid conversion between NO2
and NO, and as a result, both NO2 and NO can equally sup-
press the formation of H2O2. Because the daytime concentra-
tion of NO2 is usually much greater than that of NO, H2O2 is
far more sensitive to NO2 than NO for the same percentage
change. In addition to NO2, H2O2 is also sensitive to wa-
ter vapor, which catalyzes the self-reaction of HO2 (Sander
et al., 2011), and to the aromatics that greatly affect the for-
mation of HO2. In the NCAR_MM mechanism, the aromat-
ics are assumed to perform ring opening reactions that yield
organic compounds with a lower carbon number. This pro-
cess produces a large amount of oxygenated VOCs (OVOCs),
which sequentially provide primary sources for HO2. There-
fore, the input aromatics are responsible for the largest uncer-
tainty in the model simulation. However, as these aromatics
are mainly emitted by vehicles in Beijing (Y. J. Zhang et al.,
2012), we can presume that their level in August 2010 is sim-
ilar to their level in August 2011. The vehicle population at
the end of 2011 was 4.983 million compared with 4.809 mil-
lion at the end of 2010; this is an increment of only 3.6 %
(http://www.bjjtgl.gov.cn). This low increment is attributed
to a policy implemented at the end of 2010 that limits new ve-
hicle registrations. In addition, the meteorological conditions
in August 2011 were similar to those in August 2010. There-
fore, a comparison of the simulation results between August
2011 and August 2010 is valuable. The aerosols could alter
the solar radiation intensity, resulting in a variation of HOx
and H2O2. A sensitivity analysis for HOx and H2O2 to AOD
was made, and the result is shown in Table S2 in the Supple-
ment. It is seen that both HOx and H2O2 were more sensitive
to AOD at a lower AOD (< 2). This could be explained by
the dual role of solar radiation, that is, it impacts on both the
source and loss of HOx and H2O2.

Figure 7 shows the concentrations of H2O2 both observed
and calculated by the standard gas phase model. It turns
out that the model has good performance simulating non-
haze days, except it underestimates the nighttime removal
rates. This underestimation is due to the preference for dry
deposition velocity, as discussed in Sect. 3.1. The level of
H2O2 on haze days, however, is significantly underestimated
even though the extinction effect of aerosols has been cor-
rected by AOD. Therefore, this underestimation of H2O2
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Table 3.Calculated concentrations of OH, HO2, and H2O2 for sen-
sitivity analyses when the concentration of each trace gas in col-
umn 1 has been reduced by half.

Model OH HO2 H2O2
run (pptv) (pptv) (ppbv)

reference run 0.37 25.5 0.70
CO 0.38 23.5 0.60
H2O 0.29 20.6 0.32
NO 0.38 27.8 0.78
NO2 0.42 54.1 4.19
O3 0.41 22.0 0.46
alkanes 0.38 25.9 0.72
alkenes 0.36 20.6 0.52
aromatics 0.23 8.5 0.10
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Fig. 7. Observed and modeled H2O2 concentrations on 7–15 Au-
gust 2010 and 10–18 August 2011. Green circles: observed H2O2;
red line: modeled H2O2 with standard gas phase chemistry; blue
line: modeled H2O2 with the inclusion of aqueous phase chemistry.
The error bar for observed data represents the uncertainty caused by
instrument fluctuation and SO2 interference; the error bar for mod-
eling data represents the uncertainty (1σ ) caused by the uncertainty
of concentrations of the constrained species.

concentrations should be attributed to the heterogeneous re-
action occurring on aerosols.

3.4.2 Treatment of aerosol uptake

The aerosol uptake of HO2 was considered to be responsible
for the overestimation of observed H2O2 in previous studies
(Cantrell et al., 2003; Wang et al., 2003; de Reus et al., 2005;
Mao et al., 2010). This may also be true over urban Beijing

where the aerosol loading is considerably high. The most
common method of representing HO2 uptake in the model
is to include an uptake coefficient of HO2 (γHO2), with or
without products (Wang et al., 2003; Mao et al., 2010). How-
ever, this may not be reasonable for a local scale simulation
because the value ofγHO2 significantly depends on chang-
ing conditions. Therefore, HO2 uptake could be more reli-
ably represented if certain specific reactions are properly in-
cluded in the model. However, the mechanism and products
for HO2 uptake remain uncertain. It is generally accepted that
after being taken up by aerosols, HO2 will dissociate in the
aerosol aqueous phase into O−

2 and it will subsequently pro-
duce H2O2 (Jacob, 2000). Yet, the inclusion of this mecha-
nism leads to an increase of gaseous H2O2, which the over-
estimation in the present study would exacerbate. There are
some mechanisms suggesting that HO2 could ultimately be
converted to H2O, thus leading to a net loss of gaseous HO2
and H2O2. For example, Cooper and Abbatt (1996) proposed
that HO2 could react with HSO−4 and form the peroxymono-
sulfate radical SO−5 ; also, Matthew et al. (2003) put forward
a mechanism by which HO2 could be consumed by some
reactive halogen species. Both mechanisms could result in
the net loss of HO2 to a certain extent. Nevertheless, they
are not catalytic and could easily reach equilibration; thus,
they may not greatly affect the concentration of H2O2 in
the real atmosphere. Quite recently, Mao et al. (2013) pro-
posed a catalytic mechanism involving TMI chemistry. In
their mechanism, HO2 uptake will lead to either the produc-
tion or the consumption of H2O2, depending on the molar
ratio of Cu to Fe. We believe this mechanism plays an im-
portant role in summer Beijing because the concentrations
of aerosol Cu and Fe are high and the ratio of Cu to Fe in
PM2.5 (Sun et al., 2004, 2006) is in the expected range of the
mechanism. Therefore, we add the relevant reactions to the
box model as well as some other basic aqueous phase reac-
tions that are drawn from the aqueous phase CAPRAM v2.4
mechanism. We then examine the impacts of these reactions
on the HO2 and H2O2 concentrations during both non-haze
days and haze days.

The Cu-Fe-HOx catalytic mechanism may not fully repre-
sent the reaction process in the real atmosphere, as the aque-
ous phase reactions of some organic species are involved and
the reaction process could change (Mao et al., 2013). More-
over, the reactive uptake of HO2 and H2O2 could also occur
on the surface of solid aerosols. Due to the lack of adequate
information, the aqueous reactions of organics and the up-
take of H2O2 and HO2 on solid surfaces are not included in
the present study.

3.4.3 Inclusion of the Cu-Fe-HOx catalytic mechanism

How the Cu concentration, molar Cu / Fe ratio and pH im-
pact onγHO2 and H2O2 yield should be evaluated before
starting the simulation of H2O2. Here, sensitivity analyses
for these factors are performed. The sensitivity simulations
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are conducted at noontime when the generation of H2O2
is strongest, and they last for 4 h. For each simulation, the
initial concentrations of CO, H2O2, NO, NO2, and O3 are
1 ppmv, 1 ppbv, 2 ppbv, 20 ppbv, and 30 ppbv, respectively,
and the initial concentrations of the VOCs are the same as
those in the standard gas phase simulations. The H2O2 con-
centrations at the end of each simulation are compared. Fig-
ure 8a shows the impact of Cu / Fe on the H2O2 concen-
tration at different LWC levels. It is seen that the aqueous
phase reactions will be almost independent of the Cu / Fe ra-
tio when LWC < 10 µg m−3 or > 100 µg m−3. At high LWC
(> 100 µg m−3), HO2 enters the aerosol aqueous phase and
is consumed rapidly, resulting in low HO2 in both gas and
aqueous phase. Thus, TMI in the aqueous phase is suffi-
cient to convert HO2 and H2O2 to H2O, leading to a very
low H2O2 level. In contrast, at low LWC (< 10 µg m−3),
HO2 concentration is high and TMI is insufficient to convert
HO2 to H2O but instead produce H2O2 in small amounts.
However, at an LWC level of 25–50 µg m−3, the H2O2 con-
centration is dependent on Cu / Fe. In particular, the H2O2
concentration remarkably increases with increasing Cu / Fe
when Cu / Fe > 10−2, as Cu reaction dominates over Fe reac-
tion. Figure 8b illustrates that the H2O2 concentration has a
weak pH dependence. The initial concentration of H+ does
not significantly affect the reactions compared to the pro-
duced H+ because the pH is not held fixed throughout each
simulation. Figure 8c shows the sensitivity of the aqueous
phase reactions toward the dissolved Cu concentration at a
fixed Cu / Fe of 0.02. It turns out that the calculated H2O2
decreases with increasing Cu when the Cu concentration is
greater than 1× 10−3 M due to the consumption of HO2 by
sufficient TMIs.

We use the Cu-Fe-HOx catalytic mechanism to simulate
H2O2 on both non-haze and haze days. The liquid water con-
tent on the aerosols is calculated using the single-parameter
method reported in Kreidenweis et al. (2008), on the basis of
the measured mass concentrations of PM2.5 and the compo-
nents of particles reported by Sun et al. (2004). The surface
area of the aerosols is calculated based on their size distribu-
tion and the geometric shape of one aerosol particle, which
is assumed to be spherical. We estimated the surface area
of the aerosols to be 800 µm2 cm−3 for non-haze days and
2400 µm2 cm−3 for haze days, using the size distribution of
aerosols in summer Beijing reported by Yue et al. (2009), as
well as the calibration with diameter growth factors (Krei-
denweis et al., 2008). Due to the metastability of the aque-
ous phase (S. T. Martin et al., 2003) and the decreased del-
iquescence RH for the mixed aerosols (e.g., Marcolli et al.,
2004), the aerosols are expected to remain aqueous over the
RH range experienced during our observations. Therefore,
the surface area could be assumed to be primarily due to
the aqueous aerosols. The aerosol radius used in Eqs. (4)
and (5) is the surface area weighted average radius, which
is 140 nm for non-haze days and 200 nm for haze days. The
pH is set to 5.48 (Wang et al., 2005) at the beginning of each
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Fig. 8. Impacts of aerosol aqueous phase Cu / Fe, pH, and Cu con-
centration on gaseous H2O2 concentrations at different LWC levels
(µg m−3). (a)–(b) Cu concentration is held fixed at 6.25× 10−3 M.
(b)–(c) Cu / Fe is held fixed at 0.02.

model run. We hold the dissolved Cu concentration fixed at
6.25× 10−3 M and Cu / Fe at 0.02, according to the total ob-
served concentration in PM2.5 (Sun et al., 2004, 2006) and
the assumption that Cu and Fe are dissolved by half. Fig-
ure 7 shows the results for the simulation. With the inclu-
sion of the aqueous phase reactions, the H2O2 concentration
on non-haze days does not change much and there is an im-
provement in the reproduction of its removal rates at night
for most of the days. This implies that the aqueous reactions
could compensate for the missing removal pathway to some
extent at night. There is a greater coincidence between the
observed and modeled H2O2 concentrations on haze days,
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which indicates that the aqueous phase reactions play an im-
portant role in the loss of H2O2 on haze days. On non-haze
days, the aqueous phase reactions are only important at night
when the RH is high. On haze days, the higher aerosol liquid
water content favors the uptake of HO2 and the consumption
of aqueous phase H2O2, during both daytime and nighttime.

3.4.4 HO2 and H2O2 budget

Based on the model results, we developed the budget of HO2
and H2O2 for non-haze (7–15 August 2010) and haze days
(10–15 August 2011), respectively, as shown in Fig. 9. The
following can be seen in the gas phase: (1) the photolysis
of OVOCs provides a primary source for HO2; (2) the ma-
jor cycling system for HO2 includes the conversions of HO2
to OH, RO2 to HO2, and OH to HO2; and (3) the formation
of H2O2 and organic peroxides and the aerosol uptake serve
as important removal pathways for HO2. On non-haze days,
there are high rates of formation and recycling for gaseous
HO2 due to its abundant primary source; on haze days, how-
ever, these rates decrease considerably and are only one third
of the values for non-haze days. This is due to the lower con-
centrations of gaseous HO2 and OH on haze days, resulting
from the lower radiation and the stronger aqueous phase re-
moval.

In the aqueous phase, HO2 has a major source, the up-
take from the gas phase, and a minor source, the aqueous
Cu(I)+O2 reaction (not shown in Fig. 9). The aqueous HO2
could either release into the gas phase or react with Cu(II)
and Fe(II) and thus be consumed. The removal rate of HO2
is then determined by the difference between the uptake and
volatilization rates. As shown in Fig. 9, the HO2 uptake
rate is apparently higher than its volatilization rate on both
non-haze and haze days, indicating HO2 is significantly con-
sumed in the aqueous phase. H2O2 is the product of aque-
ous reactions of HO2 and could be consumed by Fe(II) and
S(IV) in the aqueous phase. The consumption of H2O2 by
dissolved S(IV), with a rate lower by a factor of 30–60, is
not comparable with TMI catalytic reactions due to the insuf-
ficient LWC on non-haze days and the low concentrations of
gaseous H2O2 on haze days. However, the H2O2+S(IV) re-
action could compete with TMI catalytic reactions at certain
time points when the LWC is particularly high, e.g., above
200 µg m−3. The exchange rate of H2O2 between the gas and
aerosol phases is on the order of dozens of ppbv h−1, which
is much faster than other processes. This rate almost doubles
on haze days compared to non-haze days, although gaseous
H2O2 on haze days is often under the detection limit. The
uptake rate of H2O2, however, is equal to or less than the
volatilization rate, reflecting the lack of net reactive uptake
of H2O2. This reveals a balance between the production and
consumption of H2O2 in the aqueous phase. Provided that
there is no aqueous production of H2O2, the consumption of
H2O2 by Fe(II) and S(IV) will lead to a reactive uptake of
H2O2 with an uptake coefficient of (1–2)× 10−3. This ap-
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Fig. 9. 24 h average OH and HO2 budget on(a) non-haze days and
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conversion between HO2 and H2O2. All rates are in ppbv h−1. The
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2 . The average aerosol liquid

water content is∼ 34 µg m−3 for non-haze days and∼ 71 µg m−3

for haze days.

proaches the uptake coefficient for H2O2 on mineral dust,
(3.3–9.4)× 10−4, which was measured in a laboratory by
Pradhan et al. (2010a, b).

According to Mao et al. (2013), the aqueous phase re-
moval of HO2 and the simultaneous variation of aqueous
H2O2 could be described asγ (HO2 →YH2O2 H2O2) on the
basis of the HO2 and H2O2 budget.γ is the average reactive
uptake coefficient, which reflects the possibility of aqueous
reactions of HO2 after uptake by the aerosols. The YH2O2 is
defined here as the net yield of H2O2, reflecting the formation
potential of aqueous H2O2 through the uptake of HO2. Inter-
estingly, we find that the average reactive uptake coefficient
of HO2 for non-haze days is 0.86, which is higher than the
value of 0.68 on haze days. This could be attributed to the
faster aqueous phase diffusion in smaller aqueous aerosols
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and different HO2-dependent chemical conversions on non-
haze days compared to haze days. We estimated the charac-
teristic times of aqueous phase diffusion (τdiff ) and chemical
reactions (τchem) for HO2 according to the equations given by
Jacob (2000), and found that bothτdiff andτchemwere on the
same order. This indicates thatγHO2 would be determined by
the combination of both processes. However, the YH2O2 on
haze days, with a value of−0.004, is significantly lower than
the value of 0.059 on non-haze days, resulting in a more re-
markable reduction of gaseous H2O2. Note that the uptake
coefficients of HO2 needed on both non-haze and haze days
seem too high compared to the experimentally measured val-
ues (from < 0.01 to 0.40), suggesting that there should be
some unknown processes going on.

4 Summary and conclusions

We measured atmospheric peroxides over urban Beijing in
August 2010 (non-haze days) and August 2011 (haze days).
Hydrogen peroxide (H2O2), methyl hydroperoxide (MHP),
and peroxyacetic acid (PAA) were determined to be the three
major peroxides during both of these summers. Combining
the supporting data from common gases and meteorological
parameters, we analyzed the peroxides and HO2 radicals sta-
tistically, and using a box model, focused on how they are
affected by aerosols.

A negative correlation was observed between H2O2 and
PAA in rainwater, reflecting the conversion of H2O2 to PAA
in the aqueous phase. We attribute this conversion to a re-
versible reaction of H2O2 with acetic acid (AA). However,
the rate of this reaction is insufficient to meet the observed
the rate of PAA production, indicating that there should be
some catalytic mechanism for this reaction in the rainwater.
Moreover, the possibility of some unknown reaction mecha-
nisms cannot be excluded. Obviously, further field and lab-
oratory studies are needed to verify the exact mechanism of
PAA production in the aqueous phase.

The average H2O2 concentration on haze days is only
about 30 % greater than on non-haze days. We attribute
this reduction in H2O2 to the attenuation of solar radia-
tion as well as the enhanced heterogeneous reaction occur-
ring on aerosols during the haze episodes. An NCAR_MM
box model was employed to simulate the temporal profiles
of H2O2 on non-haze and haze days. The model performs
well on non-haze days but significantly overpredicts H2O2
on haze days. The discrepancy between the observed and
modeled H2O2 apparently diminishes when we included a
newly proposed Cu-Fe-HOx catalytic mechanism. The com-
bination of observed and modeled results of H2O2 suggests
that the aerosol uptake of HO2 and the ensuing aqueous re-
actions are major reasons for the reduction of H2O2 on haze
days. According to the closure of H2O2 and HO2, the average
uptake coefficient for HO2 (γHO2) on aerosols is estimated to
be 0.86 on non-haze days and 0.68 on haze days, and the cor-

responding net yield of H2O2 by HO2 is 0.059 and−0.004,
respectively. TheγHO2 needed to meet the measurements is
too high compared to the experimentally measured values,
indicating some other processes must be going on. For both
non-haze and haze days, the consumption of H2O2 by S(IV)
on aerosols is shown to be unimportant under normal condi-
tions for urban Beijing.

We suggest that there is almost no net reactive uptake for
H2O2 on aerosols because of the coexistence of HO2 uptake.
The production of H2O2 via the aerosol uptake of HO2 from
the gas phase is typically in balance with the consumption
of H2O2 on aerosols. However, this balance could be broken
if there are more H2O2-consuming reactions. Therefore, ki-
netic studies focused on the aerosol uptake of gaseous H2O2
in the presence of gaseous HO2 are urgently needed.

Moreover, we suggest that the exchange rate of H2O2 be-
tween the gas and aerosol phases is on the orders of dozens
of ppbv h−1, revealing the potential importance of H2O2 in
aerosols, even when gaseous H2O2 is observed under the de-
tection limit. This high exchange rate of H2O2 may be help-
ful in explaining why haze frequently occurs in Beijing as
well as the North China region.

Supplementary material related to this article is
available online athttp://www.atmos-chem-phys.net/13/
11259/2013/acp-13-11259-2013-supplement.pdf.
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