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Abstract

We analyze summertime photochemistry near the surface over Beijing, China, using
a 1-D photochemical model (Regional chEmical and trAnsport Model, REAM-1D) con-
strained by in situ observations, focusing on the budgets of ROx (OH+HO2 +RO2)
radicals and O3 formation. The daytime average of total ROx primary production rate5

in Beijing is ∼6.6 ppbv h−1, among the highest found in urban atmospheres. The largest
primary ROx source in Beijing is photolysis of oxygenated volatile organic compounds
(OVOCs), which produces HO2 and RO2 at average daytime rates of 2.5 ppbv h−1

and 1.7 ppbv h−1, respectively. Photolysis of excess HONO from the unknown het-
erogeneous source is a predominant primary OH source at 2.2 ppbv h−1, much larger10

than that of O1D+H2O (0.4 ppbv h−1). The largest ROx sink is via OH+NO2 re-
action (1.6 ppbv h−1), followed by formation of RO2NO2 (1.0 ppbv h−1) and RONO2

(0.7 ppbv h−1). Due to the large aerosol surface area, aerosol uptake of HO2 appears
to be another important radical sink, although the estimate of its magnitude is highly
variable depending on the reactive uptake coefficient value used. The daytime average15

O3 production and loss rates are 32 ppbv h−1 and 6.2 ppbv h−1, respectively. Assum-
ing NO2 to be the source of excess HONO, the NO2 to HONO transformation leads to
significant O3 loss and reduction of its lifetime.

Our observation-based modeling analyses suggest that VOCs and heterogeneous
reactions (e.g. HONO formation and aerosol uptake HO2) play major roles in the pri-20

mary radical budget and O3 formation in Beijing. Among the VOC precursors for
OVOCs, which strongly affect ROx budgets and O3 formation, aromatics are the largest
contributor. One important ramification is that O3 production is neither NOx nor VOC
limited, but in a transition regime, where reduction of either NOx or VOCs could result
in reduction of O3 production. The transition regime implies more flexibility in the O325

control strategies than a binary system of either NOx or VOC limited regime. Further
research on the spatial extent of the transition regime over the polluted eastern China
is critically important for controlling regional O3 pollution.
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1 Introduction

Photochemical smog was first documented in 1950s in Los Angeles (Haagen-Smit and
Fox, 1954), and is nowadays a prevalent air pollution phenomenon around the world
(e.g., Molina and Molina, 2004; Monks, et al., 2010). A major contributor to smog is the
production of secondary pollutants such as O3 and aerosols from photochemical reac-5

tions involving NOx (NOx ≡ NO+NO2) and volatile organic compounds (VOCs), which
are emitted from various anthropogenic and natural sources. Over the past decades,
continuously improving knowledge of photochemical pollution has successfully served
as the basis for formulating the pollution control strategies over the United States (NRC,
1991; NARSTO, 2000). Uncertainties of photochemical modeling in some regions re-10

main large due to the lack of accurate emission inventories (NARSTO, 2005) and in-
complete knowledge of chemistry (e.g. Volkamer et al., 2010).

A region of concern is China. The rapid increasing emissions of NOx and VOCs
over China since 1980s driven by economic growth have been observed by satellites
(e.g., Richter et al., 2005) and documented in bottom-up inventories (e.g., Zhang et15

al., 2009). As an expected consequence, elevated O3 (e.g., Wang et al., 2006) and
peroxy acetyl nitrates (PANs) (e.g., Liu et al., 2010) accompanied by high loadings of
aerosols (e.g. Chan and Yao, 2008; Zhang et al., 2008) have been observed in the
country. Severe O3 and aerosol pollution on an unprecedented large regional scale
(Zhao et al., 2009a; van Donkelaar et al., 2010) have also drawn attention given the20

large impacts on public health.
Furthermore, some recent observations over China demonstrated the complexity of

photochemistry that cannot be fully explained by current knowledge. For example,
surprisingly high daytime HONO concentrations from unknown sources have been ob-
served in Beijing (An et al., 2009) and the Pearl River Delta (PRD) region (Su et al.,25

2008). At a suburban site over PRD, the current standard photochemistry could not
explain the observed level of OH, the key oxidant in the troposphere (Hofzumahaus et
al., 2009; Lu et al., 2011). Due to high loading of aerosols, heterogeneous chemistry
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appears to be important in the radical budget (Kanaya et al., 2009) and reactive ni-
trogen processing (Pathak et al., 2009). A case in point is that we still do not have a
clear understanding of how the large emission reductions affected secondary pollutants
during the 2008 summer Beijing Olympic and Paralympic Games. Chemical transport
modeling study by Yang et al. (2011) demonstrated the highly variable chemical sen-5

sitivities of O3 to its precursor emissions due to the uncertainties in the emissions of
aromatic VOCs. However, the sensitivity relationships are very difficult to derive from
the observations. For example, Wang et al. (2010) found increases of O3, sulfate and
nitrate while NOx and VOCs decreased at an urban site in Beijing in the first two weeks
after emission control for the Olympics Game. Similar finding was reported at another10

urban site in Beijing (Chou et al., 2011). These findings reflect the fact that the effects
on O3 from precursor emission changes can be masked by the variations in the spa-
tial pollutant distribution and meteorological conditions for dispersion, transport, and
chemical photolysis.

Given the difficulty of interpreting empirical evidence, another approach is through15

in-depth observation-based chemical budget analyses to gain insight into the chem-
ical system. In this work, we analyze the O3 photochemical processes in Beijing in
August 2007 during the CAREBeijing (Campaigns of Air quality REsearch in Beijing)
Experiment employing the 1-D version of the Regional chEmical and trAnsport Model
(REAM-1D) constrained by observed chemical species and physical parameters, in-20

cluding O3, NO, PAN, HONO, VOCs, and aerosol surface areas. The goal is to gain
a detailed understanding of the budgets of ROx (OH+HO2 +organic peroxy radicals
(RO2)) radicals and formation processes of O3 and to understand the implications on
emission control strategies in Beijing and other polluted regions in China.

The remainder of the paper proceeds as follows. In Sect. 2, we describe the mea-25

surement methods and the REAM-1D model. Section 3 presents the modeling analysis
results. We examine the budgets of ROx radicals in Sect. 3.1, which will form the basis
for analyzing production and loss rates of O3 in Sect. 3.2. We then analyze the spe-
cific roles of aromatics, HONO, and aerosol uptake of HO2 in the budgets of radicals
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and O3, respectively, in Sect. 3.3. We investigate the sensitivities of O3 production to
NOx and VOCs in Sect. 3.4. In Sect. 4, we summarize our findings and discuss the
implications for O3 control strategies over China.

2 Methodology

2.1 Measurement methods5

During the CAREBeijing-2007 experiment (Zhu et al., 2009), a full suite of trace gases
were measured concurrently in August 2007 at an urban site located on a building roof
top (∼20 m a.g.l.) on the campus of Peking University (39.99◦ N, 116.31◦ E). Nitrogen
monoxide (NO) was measured with a custom-made chemiluminescence detector (Ry-
erson et al., 2000). Total reactive nitrogen compounds (NOy, only gas phase) were10

measured by the conversion of the NOy species to NO on a molybdenum converter op-
erated at 300 ◦C. PAN was measured using a chemical ionization mass spectrometer
(CIMS) (Slusher et al., 2004). HONO was measured with a liquid coil scrubbing/UV–
VIS instrument (Amoroso et al., 2006). O3 and CO were measured by commercial
instruments from the ECOTECH (EC9810 and EC9830). C3–C9 NMHCs were mea-15

sured with a time resolution of 30 minutes using two online GC–FID/PID systems (Syn-
tech Spectra GC–FID/PID GC955 series 600/800 VOC analyzer), one for the C3–C5
NMHCs, and the other for C6–C9 NMHCs (Shao et al., 2009). Another automated
GC/MS/FID system was deployed to measure NMHCs in daytime (08:00–09:00 and
13:00–14:00) (Hofzumahaus et al., 2009). OVOCs were measured using the PFPH–20

GC/MS method (Ho and Yu, 2004). The uncertainties (1σ) for these measurements
are estimated to be 5 % for NO, O3, CO, 3–5 % for NMHCs, 10 % for NOy, PAN, HONO
and OVOCs. More detailed descriptions of the instruments and measurement methods
are available in the Supplement.
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2.2 The REAM-1D Model

The 3-D version of the Regional chEmical and trAnsport Model (REAM-3D) has been
applied in a number of studies on O3 photochemistry and transport at northern mid-
latitudes (Choi et al., 2005; Wang et al., 2007; Choi et al., 2008a,b; Zhao et al., 2009a,
b, 2010; Zhao and Wang, 2009; Yang et al., 2011). The REAM-1D model shares the5

modules for O3-NOx-hydrocarbon photochemistry, vertical diffusion, convective trans-
port, and wet/dry deposition (Liu et al., 2010) with the REAM-3D model. The chemical
kinetics data were updated with the latest compilation by Sander et al. (2011), and the
VOC chemistry in REAM-3D is expanded to include the chemistry of aromatics based
on the SAPRC-07 chemical mechanism (Carter, 2009). Vertical transport is driven by10

WRF assimilated meteorological fields based on the NCEP reanalysis data (Zhao et
al., 2009a).

The model is constrained with measured CO, O3, NO, HONO, NMHCs (C2–C9),
OVOCs (acetone, acetaldehyde and formaldehyde) and aerosol surface areas and was
run with a 1-min time step from 1 to 30 August 2007. The results for the last 20 days15

were analyzed after a spin-up time of 10 days. The REAM-1D model has been shown
to be able to reproduce the observed PAN in Beijing, which is sensitive to the VOC
oxidation mechanism and transport within the boundary layer (Liu et al., 2010). Our
model simulated OVOCs, including formaldehyde, acetaldehyde, and acetone, agree
with the observations within 20 % in terms of diurnal average concentrations, indicating20

that secondary production is the predominant source. Additional detailed descriptions
of the REAM-1D model including VOC input and model error estimates are available in
the Supplement.

Exceptionally high level of HONO was observed at daytime (∼1 ppbv in the after-
noon) during the study period. The gas-phase source from the NO+OH reaction alone25

could only explain a small portion (∼10 %) of the observed HONO concentrations. We
therefore introduced a pseudo-reaction of NO2 →HONO in the model in order to re-
produce the observed daytime HONO and quantitatively estimate the primary radical
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source from the heterogeneous HONO production pathway. Due to the large aerosol
surface areas (∼1000 µm−2 cm−3), the uptake of HO2 by aerosols may become a large
HO2 sink. The HO2 aerosol reactive uptake coefficient, γ, is still quite uncertain and
may be a function of temperature and aerosol composition (Thornton and Abbatt, 2005;
Thornton et al., 2008; Kanaya et al., 2009; Mao et al., 2010). In this work, we use a5

γ(HO2)=0.02 in the standard model (S0 in Table 1) based on model performance in
simulating PAN, and we evaluate model sensitivities by varying the value of γ(HO2)
from 0 to 0.2 (Sect. 3.3.3).

We conducted a number of model simulations, summarized in Table 1, to under-
stand the sensitivities of radical budgets and O3 production to aerosol uptake of HO2,10

high daytime HONO concentrations, and NOx and VOCs. S0 is the standard model;
S0a and S0b are S0 with varied γ(HO2) values, 0 in S0a and 0.2 in S0b, respectively.
S1 is S0 without the “excess” HONO that cannot be explained by gas-phase HONO
production; S2 is S0 without aromatics; S3 is S0 without excess HONO or aromatics,
and S3a further removes the aerosol HO2 uptake (γ(HO2)= 0) in S3. The P(O3)senst15

simulations compare O3 production rates under varied NOx and VOCs conditions. The
γ(HO2)senst simulations examine the sensitivities of O3 production to different γ(HO2)
values ranging from 0 to 0.2. In the sensitivity simulations, we did not constrain OVOCs
to the observations in order to retain the feedback from OVOCs. Removing the con-
straint of observed OVOCs in the standard model did not lead to notable changes in20

ROx concentrations or O3 production/loss rates.

3 Results and discussions

The chemical dependence of O3 formation on the emissions of its precursors, including
NOx and VOCs, is driven by the cycling of a variety of ROx radicals. In this work, with
the 1-D model constrained by observations of O3 and its precursors, we first examine25

the abundances and budgets of ROx radicals, and characterize the main features and
uncertainties of chemistry in Beijing. Then, by focusing on the chemical pathways
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controlling the O3 formation, we quantitatively examine the O3 production and loss
processes and their responses to varied precursor changes, in order to understand the
chemical regime of O3 formation and its implications on O3 control strategies.

3.1 Budgets of ROx radicals

3.1.1 Model simulated concentrations of OH, HO2 and RO25

Figure 1 shows the average diurnal profiles of OH, HO2 and RO2 concentrations simu-
lated in the standard model (S0). The 20-day average diurnal maximum concentrations
of OH, HO2, and RO2 are 9×106, 6.8×108, and 4.5×108 molecules cm−3, respec-
tively. ROx radical measurements over mainland China are still sparse. The maximum
OH concentration (9×106 molecules cm−3) simulated in this study for Beijing is ∼50 %10

higher than that simulated over Mountain Tai in June of 2006 (6×106 molecules cm−3)
(Kanaya et al., 2009), and lies between the observed (13×106 molecules cm−3) and
simulated (7×106 molecules cm−3) values at a site in PRD (Hofzumahaus et al., 2009).
The maximum HO2 concentration simulated for Beijing (6.8×108 molecules cm−3) is
close to that over Mountain Tai (Kanaya et al., 2009), and is only half of that in PRD15

(Hofzumahaus et al., 2009). We note that the model simulated HO2 concentrations
over China are quite sensitive to γ(HO2), due to the large abundance of aerosols. Re-
moving the aerosol HO2 sink in this study would lead to higher simulated HO2 and
OH concentrations in good agreement with the observed values at the PRD site by
Hofzumahaus et al. (2009), although the locations and time of the two studies are20

different. Compared to urban areas outside China, the simulated OH and HO2 concen-
trations for Beijing are similar to those observed in Mexico City (Shirley et al., 2006;
Dusanter et al., 2009), and yet higher than those in New York City (Ren et al., 2003)
and Birmingham of the UK (Emmerson et al., 2005a).

RO2 radicals include all organic peroxy radicals derived from VOC oxidation, and25

they are categorized into 7 groups (Figure 1), i.e. methyl peroxy radicals (CH3O2), first
generation peroxy radicals from alkanes (ALKAp), alkenes except isoprene (ALKEp),
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isoprene (ISOp), aromatics (AROp), acyl peroxy radicals (RCO3), and peroxy radicals
from OVOCs (OVOCp). The most abundant 3 groups of RO2 are CH3O2, AROp and
RCO3. The largest contribution of CH3O2 is expected. Aromatics have higher con-
centrations and reactivities than alkenes and alkanes (Liu et al., 2010), producing
more RO2 radicals upon oxidation. RC(O)O2 radicals are produced from OH oxida-5

tion or photolysis of a variety of carbonyl compounds. CH3C(O)O2 is the simplest and
most abundant RC(O)O2, and also the precursor of PAN. Liu et al. (2010) showed that
methylglyoxal from aromatics is the predominant source (∼75 %) of CH3C(O)O2 and
PAN in Beijing.

3.1.2 ROx budgets10

Figure 2 illustrates schematically the ROx daytime (06:00 – 18:00) budgets simulated
in the model. The fast ROx cycling is driven by NOx catelyzed VOC oxidation, which
is typical in NO-rich environments (Emmerson et al., 2005b; Shirley et al., 2006; Du-
santer et al., 2009; Elshorbany et al., 2009). NO+HO2 (19.8 ppbv h−1) and NO+RO2

(12.2 ppbv h−1) are the two largest pathways of radical cycling in the system, mainly15

due to the abundance of NO (e.g. ∼5 ppbv around noontime).
It is more constructive to examine the primary sources and sinks of ROx radicals

in this relatively complex system to understand the controlling factors. Photolysis of
OVOCs turns out to be the predominant primary ROx source (4.0 ppbv h−1), and is
also the largest sources of HO2 (2.4 ppbv h−1) and RO2 (1.6 ppbv h−1), consistent with20

previous urban studies (Jenkin et al., 2000; Emmerson et al., 2005b; Dusanter et al.,
2009). Photolysis of excess HONO is the second largest ROx source (3.0–0.8=2.2
(ppbv h−1)), as well as the largest source of OH. At noontime the excess HONO pro-
duces OH at ∼5 ppbv h−1 (Fig. 3), a rate that is comparable to that found by Su et
al. (2008) at Xinken in PRD, and slightly higher than that at another site, Backgarden,25

in the same region (Hofzumahaus et al., 2009). However, the excess daytime HONO
source strength found in China is significantly larger than most urban areas outside
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China (e.g. Acker et al., 2006; Kleffmann, 2007 and references therein; Dusanter et
al., 2009; Elshorbany et al., 2009; Costabile et al., 2010). The reasons for such a
uniquely large HONO source in China are still unknown. The O1D+H2O reaction only
contributes 0.4 ppbv h−1 of primary OH production. Summing up all these aforemen-
tioned sources gives a total primary ROx production rate at 6.6 ppbv h−1 (2.6 ppbv h−1

5

for OH, 2.4 ppbv h−1 for HO2, and 1.6 ppbv h−1 for RO2), which is comparable to that in
Santiago of Chile (7.0 ppbv h−1) (Elshorbany et al., 2009), but ∼50 % higher than those
in Mexico City in 2006 (4.75 ppbv h−1) (Dusanter et al., 2009), and Birmingham of the
UK (4.5 ppbv h−1) (Emmerson et al., 2005b).

ROx radicals are removed ultimately from the atmosphere via deposition of10

radical reservoir species, e.g. HNO3, H2O2, ROOH. The net radical losses
via NOx-radical reactions are 3.6 ppbv h−1, including NO2 +OH producing HNO3

(1.7 ppbv h−1), RO2 +NO2 reaction producing organic peroxy nitrates (RO2NO2, mostly
PANs) (1.1 ppbv−1), and RO2 +NO reaction producing organic nitrates (RONO2)
(0.8 ppbv h−1). By contrast, the radical loss rates via radical-radical reactions produc-15

ing peroxides such as H2O2 and ROOH are much lower (0.6 ppbv h−1 in total). Such a
contrast has been typically seen as a feature of chemistry in NOx-rich urban environ-
ments. Another important and yet uncertain ROx sink in Figs. 2 and 3 is the aerosol
uptake of HO2 (1.1 ppbv h−1), mainly owing to abundant aerosols in Beijing. The mag-
nitude of this radical sink varies significantly with values of γ(HO2) used in the model20

(Sect. 3.3.3).
It is also noteworthy that the two RO2 +NOx reaction pathways collectively contribute

a net ROx loss at 1.9 ppbv h−1, larger than that of NO2 +OH (1.6 ppbv h−1), which
is different from most urban environments outside China (Emmerson et al., 2005b;
Dusanter et al., 2009; Elshorbany et al., 2009). Figure 4 shows the diurnal transition25

of RO2NO2 production and loss. During most of the daytime, RO2NO2 production
dominates over its loss processes (mainly via thermal decomposition) leading to the
net formation of RO2NO2 and thus sequestering of NO2 and R(O)O2 radicals. RO2NO2
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loss starts to dominate over production from the late afternoon into the evening. Such
a diurnal transition of RO2NO2 production and loss differs from the often used steady-
state assumption of RO2NO2, and has significant impacts on O3 production (Sect. 3.2).
RONO2 is formed from minor channels in NO+RO2 reactions, and the importance of
this channel is known to be a function of the size of RO2. RONO2 has longer lifetimes5

(at least 2 days) than RO2NO2, and its loss by transport and deposition is a net loss of
ROx radicals.

Another feature in the chemical system in Fig. 2 is the coupling of NOx and VOCs
chemistry. Both are involved in major ROx primary sources, i.e. NO2 →HONO→OH
(2.2 ppbv h−1) and photolysis of OVOCs (4.2 ppbv h−1). Meanwhile, some of the ROx10

sinks, i.e. RO2 + NO/NO2 also depend on both NOx and VOCs, rather than only one
of them. These aspects of chemistry have implications for O3 sensitivities to NOx and
VOCs (Farmer et al., 2011). In Sect. 3.2–3.3, we examine the formation of O3, and its
sensitivities to various factors, including excess HONO, aromatics, γ(HO2), as well as
NOx and VOCs.15

3.2 O3 photochemistry

3.2.1 O3 production and loss rates

The formation of O3 in the troposphere is via the reactions of NO and peroxy radicals.
On the other hand, due to the fast cycling of O3 and NO2 under urban conditions,
O3 loss is due to a number of reactions leading to the destruction of O3 and NO2.20

The daytime average P(O3) as the sum of HO2 +NO (19.8 ppbv h−1) and RO2 +NO
(12.2 ppbv h−1) is 32 ppbv h−1 (Fig. 2), comparable to previous calculations for Beijing
(Lu et al., 2011), and is near the top of reported values for urban environments (e.g.
Ren et al., 2003; Shirley et al., 2006; Kanaya et al., 2008; Wood et al., 2009). The
reaction of HO2 +NO accounts for roughly 2/3 of P(O3). RCO3 +NO, CH3O2 +NO and25

AROp+NO are the predominant RO2 +NO reactions, due to the relative abundance
of RO2 radicals (Fig. 1) and the larger reaction rate constant of RCO3 +NO. The mean
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daytime peak of P(O3) is ∼60 ppbv h−1, occurring around 11:00 (Fig. 5), earlier than the
peaks of both HO2 and RO2 around 13:00 because of the decrease NO concentrations
from morning to early afternoon. P(O3) is also found to peak around 10:00–11:00 local
time in Mexico City (Shirley et al., 2006).

The daytime mean and maximum L(O3) rates are 6.2 ppbv h1 and 12 ppbv h−1,5

respectively, roughly 1/5 of P(O3). L(O3) consists of NO2 →HONO (2.2 ppbv h−1),
NO2 +OH (1.7 ppbv h−1), RO2 + NO2 (1.1 ppbv h−1), O1D+H2O (0.4 ppbv h−1), and
other minor reactions. Given the noontime O3 and NO2 concentrations (∼55 ppbv and
∼10 ppbv) and the loss rate of O3, the chemical lifetime of O3 is ∼5 h. It is interesting
that the unknown source of HONO from NO2 also serves as a L(O3) term, and is in10

fact the most important L(O3) reaction (∼40 %), directly affecting O3 formation and the
lifetime of O3. The average daytime net formation rate of O3, i.e. P(O3) – L(O3), is
∼26 ppbv h−1.

3.2.2 O3 production efficiency

Alongside O3 formation, NOx is transformed into oxidized nitrogen compounds NOz15

(NOz ≡NOy-NOx), e.g. RONO2, RO2NO2, and HNO3, and then eventually removed
from the atmosphere by deposition. NOz compounds at daytime account for 20-50 %
of total NOy (Fig. 6). The O3 production efficiency (OPE) of NOx is defined as the
amount of O3 produced during the lifetime of NOx (Liu et al., 1987). Based on our
model calculated P(O3) and P(NOz) (Fig. 2), we estimate a daytime average OPE to20

be 9.7, which is much larger than that estimated by Wang et al. (2010) for the summer
of 2008, and yet within the estimates by Chou et al. (2011) for the summer of 2006. It
is also within the estimated range for Mexico City (4–12) (Lei et al., 2007; Wood et al.,
2009). Considering the moderate concentrations of HO2 and RO2 compared to other
urban environments, the relatively high OPE from our calculation is mainly due to the25

high daytime NO concentration (∼5 ppbv at noontime).
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3.3 Sensitivity studies – assessing the impacts of HONO, aromatics and aerosol
uptake of HO2

Based on the results from standard model (S0) results discussed above, we found
that excess HONO, reactive aromatic VOCs, and aerosol uptake of HO2 are important
factors in the photochemical system in Beijing. In next section, we extend our analyses5

of these individual factors by comparing results from a series of sensitivity simulations
listed in Table 1.

3.3.1 Impacts of excess HONO on ROx budgets and O3 formation

The large net OH source from the photolysis of excess HONO relative to the other pri-
mary OH sources has been shown in Fig. 2. Figure 7 shows the sensitivity simulation10

results without excess HONO (S1). The standard model (S0) has ∼60 % higher day-
time average OH concentration than S1 due to the excess HONO. Increased OH leads
to more active photochemistry and thus ∼50 % increases of HO2 and RO2 concentra-
tions, as well as P(O3). A second consequence is the large sink (∼40 %) of O3 due to
excess HONO production (Sect. 3.2). The impact of excessive HONO is even larger15

(∼130 %) when aromatics are not included (comparing S3 to S2 in Fig. 7). This excess
HONO term is usually not considered in the budget of O3 in previous studies. For lo-
cations like Beijing, it appears necessary to take into account the production and loss
of O3 due to excess HONO. More importantly, the nature of excess HONO is currently
unknown and needs to be considered as a major source of uncertainty for understand-20

ing O3. We note that the daytime HONO concentrations measured in this and other
studies over China (e.g. Su et al., 2008), i.e. roughly 1 ppbv on average during daytime,
are substantially higher than studies elsewhere. Therefore, our finding of the important
role of excess HONO should suffer much less from the instrument uncertainties than
studies outside China (e.g. Pinto et al., 2010). The large abundance of HONO actu-25

ally makes polluted regions over China a uniquely ideal place for quantitative studying
HONO sources and chemistry.
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3.3.2 Direct and secondary impacts from aromatics

Aromatics are the most reactive and abundant VOC group measured in Beijing (Liu et
al., 2010). The direct impact of aromatics on radical budgets and O3 formation is via
contributing first generation RO2 (AROp) upon oxidation by OH; and we refer the effect
due to subsequent oxidation products as secondary. Comparing the results of S0 to5

S2 (Fig. 7), adding aromatics leads to a factor of 2 increase of HO2, RO2, and P(O3).
These changes obviously could not be explained solely by the addition of AROp radi-
cals (Fig. 5). Careful inspection of the model results shows that OVOCs concentrations
increase drastically (by 50 %–80 %) after adding aromatics, and their photolysis further
produces substantial amounts of primary RO2 and HO2. More significantly, the pres-10

ence of aromatics in S0 increases OH by ∼30 % compared to S2 despite of the loss of
OH by reacting with aromatics. Therefore, the overall increase of primary ROx produc-
tion from the secondary impact by aromatics is large enough to compensate for the shift
from OH to peroxy radicals in the ROx family. If the reactions of excess HONO are not
included, the impacts by aromatics (from S3 to S1) are even more drastic, leading to15

more than 100 % increase of HO2, RO2 and P(O3), and 50 % increase of OH. We note
that the finding on the significance of aromatics VOCs on photochemistry is qualita-
tively robust. However, the quantitative results presented here depend on the chemical
mechanism used for aromatic VOC oxidation, for example, the yields of dicarbonyls,
which are uncertain (e.g. Carter, 2009). In situ measurements of OVOC species, es-20

pecially those dicarbonyls, such as methylglyoxal and glyoxal, will be needed to further
constrain the model.

3.3.3 Aerosol uptake of HO2

Figure 8 shows the variations of daytime average HO2, OH concentrations and P(O3)
rates as a function of γ(HO2). HO2 concentration drops by about ∼60 % from25

4.05×108molecules cm−3 at γ(HO2)=0 to 1.65×108molecules cm−3 at γ(HO2)=0.2.
Correspondingly, P(O3) decreases by ∼50 % from 35.4 ppbv h−1 to 23.3 ppbv h−1, and
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OH drops by 30 % from 5.26×106molecules cm−3 to 3.65×106 molecules cm−3. P(O3)
and OH changes are not as large as HO2 in part because the impact of γ(HO2) on RO2
radicals is indirect and not as large. Figure 8 suggests that γ(HO2) is a large source
of uncertainty in current HOx simulation studies over pollute regions of China, where
aerosol loading is high (Kanaya et al., 2009).5

3.4 Chemical regimes of O3 production

We diagnose the P(O3) chemical regimes in Beijing using two approaches. First, we
examine the sensitivity of P(O3) to perturbations of NO and VOC concentrations; we
also try to use previously proposed diagnostic equations (e.g. Sillman et al. , 1990;
Kleinman et al., 1997; Daum et al., 2000) for NOx-limited and VOC-limited regimes, as10

has been done in previous studies (Lei et al., 2007). Since the chemical environment in
Beijing is strongly affected various factors, e.g. excess HONO, aromatics, and aerosol
uptake of HO2, not presented in the US where those previous theoretical studies (e.g.
Sillman et al., 1990; Kleinman et al., 1997) were conducted, we analyze all the scenar-
ios listed in Table 1 and then discuss the possible impacts from those factors on P(O3)15

chemical regimes in Beijing.

3.4.1 Sensitivity simulation results

In the sensitivity analyses (Table 1), we vary NO and VOCs concentrations (110 %,
90 %, 70 %, and 50 % of the observed values) and examine the change of P(O3), i.e.
∆P(O3). P(O3) consistently show positive responses to ∆NO, i.e. an increase of NO20

leads to an increase of P(O3), although the former is always larger than the latter,
i.e., the ∆P(O3)−∆NO lines are to the left of the 1:1 line (Fig. 9a). P(O3) is largely
determined by the product of NO and HO2 (RO2) concentrations. The non-linear de-
pendence of P(O3) on NO is a reflection of the dependence of HO2 and RO2 on NO.
For example, increasing NO leads to decreased peroxy radicals due in part to the con-25

version of peroxy radicals to OH and RO by reacting with NO; the degree of peroxy
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radical decrease is also a function of the change in primary ROx sources and sinks.
Comparing scenarios without aromatics and HONO (S3 and S3a) with those with both
or either one of them (S0, S1 or S2), P(O3) in the former scenarios (S3 and S3a) is
much less sensitive to ∆NO (e.g., the flat shapes of the orange lines in Fig. 9a). The
larger sensitivity of peroxy radicals to NO change in S3 and S3a is because of a much5

smaller primary ROx source without excess HONO or aromatics or both (Sect. 3.3).
Similarly, inspection of the difference between S0 and S0a or among S3, S3a and S3b
shows that a larger HO2 aerosol sink leads to a lesser sensitivity of peroxy radicals to
NO and hence a higher sensitivity of P(O3) to NO.

The complexity of the P(O3)-NO sensitivity also results in part from the change over10

the course of a day (Fig. 10). Generally, P(O3) shows a larger sensitivity to NO in
the afternoon than in the morning. Under different scenarios, such as S0 and S3a in
Fig. 10, P(O3)-NO sensitivities show different transitions over the course of daytime.
This daytime transition of P(O3)-NO sensitivity is due to the fast decreasing NOx from
the morning towards the afternoon and thus reducing the importance of NOx in se-15

questering radicals, while the primary ROx source increases into the afternoon.
In contrast to the largely varying degrees of sensitivities of P(O3) to NO, the sensitiv-

ity of PO3 to VOCs is much more uniform and closer to the 1:1 linear response (Fig. 9b).
The largest deviation from the 1:1 response line is the simulation without aromatics
(S2) due to the large impact of aromatics to primary ROx sources (Sect. 3.3.2). Fig-20

ure 9a and 9b show that the P(O3)-VOC response resembles the VOC-limited chemical
regime (Sillman et al., 1990), although the P(O3)-NO response does not, suggesting
that photochemical O3 production in Beijing is neither NOx-limited nor VOC-limited, but
lies in a transition regime where reduction of both can reduce P(O3).

Concurrent reduction of NO and VOC concentrations leads to greater P(O3) re-25

duction than reducing either (Fig. 9c), although the additional reduction from VOC-
reduction only scenarios (Fig. 9d) varies. In agreement with the P(O3)-NO sensitivity
(Fig. 9a), the least change from the VOC-only scenarios is from the simulations S3 and
S3a in which neither excess HONO nor aromatics is included.
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An important implication from Fig. 9 is that concurrent reduction of both NO and
VOCs only gives limited additional P(O3) reduction than reducing one of them. For ex-
ample, ∆P(O3)NO+VOCs from 50 % reductions of both NO and VOC is only 20 % more
than ∆P(O3)VOCs of 50 % reduction in VOC (Fig. 9d for S1b). Under the most likely
scenario (with excess HONO and aromatics) based on the in situ observations, reduc-5

ing either NOx or VOCs can be effective while reducing both may not bring enough air
quality benefits to justify the social-economic costs.

3.4.2 Evaluation with diagnostic equations of O3 production for different
chemical regimes

Various studies have provided easier diagnostics on O3 production regimes (e.g. Sill-10

man et al., 1990; Kleinman et al., 1997; Daum et al., 2000). Lei et al. (2007) summa-
rized these studies into two equations:

NOx− limited regime,P(O3)= Y
kt√
2keff

√
Q−LN−LR[NO] (1)

VOC− limited regime,P(O3)= Y
LOH−VOC

LOH−NO2

(Q−2PER−LR−LON) (2)

where kt is the weighted average rate constant for reaction of HO2 and RO2 with NO;15

keff is the effective rate constant for peroxide (H2O2 and ROOH) formation; Q is the total
primary source of ROx radicals, in ppbv h−1; LN, LR and LON are the radical loss rates
due to the reactions of OH+HO2, RO2 +R’O2, and radical-NOx reactions excluding
OH+NO2, respectively; Y is the average yield of HO2 and RO2 for each OH+VOC
reaction; LOH−VOCand LOH−NO2

are the loss rates of OH due to reactions with VOCs20

and NO2, respectively; PER is the peroxide formation rate.
We compare the correlations between model calculated hourly P(O3) (ppbv h−1) and

those from the diagnostic equations (Lei et al., 2007). The results for different model
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sensitivity simulations are shown in Table 2. We also show in Table 2 the correlations
with NO and the primary ROx source Q. In the standard model (S0), P(O3) shows
better correlation with

LOH−VOC

LOH−NO2
(Q−2PER−LR−LON) (afternoon R2 =0.79; daytime R2 =0.79) than with the

NOx-limited diagnostics (
√
Q−LN−LR[NO]) (afternoon R2 = 0.50; daytime R2 = 0.19),5

mainly due to the much better P(O3)-Q correlation (afternoon R2 = 0.66; daytime R2 =
0.74) than the P(O3)-NO correlation (afternoon R2 =0.22; daytime R2 =0.002). These
suggest that P(O3) during our observations in Beijing behave more like in the VOC-
limited regime than the NOx-limited regime. This is particularly true when morning data
are taken into account since O3 production can clearly reside in the VOC-limited regime10

(Fig. 10). In the afternoon when O3 production is large, however, both diagnostics show
reasonably good correlations with the P(O3). An outlier is the scenario of S2 when
aromatics are not included; the chemical regime clearly shifts into the VOC-limited
regime given the much better correlation (R2 =0.79) with

LOH−VOC
LOH−NO2

(Q−2PER−LR−LON) than with
√

Q−LN−LR[NO] (R2 =0.26). In the scenario15

of S0a (without HO2 aerosol uptake) for the afternoon, P(O3) correlate even better with
the NOx-limited diagnostics (R2 = 0.56) than with the VOC-limited diagnostics (R2 =
0.49). Comparing the results of S0, S0a, and S0b, aerosol uptake of HO2 tends to shift
the O3 production more towards the VOC-limited regime.

In general, the diagnostic equations are consistent with our sensitivity simulations,20

suggesting that under the most realistic scenario (S0), O3 production in Beijing is in the
transition regime. Aromatics and excess HONO tend to shift O3 production into NOx-
limited regime, while aerosol HO2 sink tends to shift it towards VOC-limited regime.

4 Conclusions

Through a detailed chemical budget analysis, we find that summertime photochem-25

istry in Beijing is driven by fast formation, recycling and removal of ROx radicals. The
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total ROx primary source (and sink) (6.6 ppbv h−1) in Beijing is close to the largest
values reported for urban environments. Photolysis of OVOCs (4.2 ppbv h−1) and ex-
cess HONO (2.2 ppbv h−1) are the two largest ROx sources, much more important than
that from O1D+H2O (0.4 ppbv h−1). Formation of RO2NO2 (1.0 ppbv h−1) and RONO2

(0.7 ppbv h−1) are as important as the typical major ROx sink via OH+NO2 reaction5

(1.6 ppbv h−1). Aromatics are the major player in OVOC and organic nitrate formation.
Aerosol uptake of HO2 may also be a major ROx sink due to the large aerosol surface
area in Beijing, although this sink is quite sensitive to the value of γ(HO2). The impor-
tance of aromatics, heterologous HONO production, and possibly large aerosol update
of HO2 signifies the unique photochemical environments in Beijing. These character-10

istics are likely to be present over many regions of the polluted eastern China with
large clusters of cities and industrial regions. Observation-based modeling studies
of ROx radical chemistry over these regions by including high quality comprehensive
measurements of ROx radicals, HONO, organic nitrates, and VOCs (aromatics in par-
ticular) and their oxidation products will be necessary to reduce the uncertainties of the15

factors discussed in this study and develop more accurate quantitative understanding
of the chemical system.

The chemical production of O3 in Beijing is extremely fast, at 32 ppbv h−1 on average
during daytime. The high concentrations of NO (∼5 ppbv at noontime), excess HONO
and aromatic VOCs are the major driving factors. The chemical loss of O3 is also fast,20

about 6 ppbv h−1, and the heterogeneous formation of excess HONO via NO2 →HONO
is actually the largest (∼40 %) O3 loss term. Sensitivity simulations and analysis using
diagnostic equations suggest that the O3 production in Beijing does not lie in either the
VOC-limited regime or in the NOx-limited regime, but in the transition regime, where
reduction of either NOx or VOCs could lead to reduced O3 production. In the transition25

regime, the co-benefit of concurrent reduction of both NOx and VOCs is small, which
may not bring enough air quality benefits to justify the social-economic costs. However,
it also implies that there is flexibility in choosing either NOx or VOC reduction to achieve
the most cost-effective O3 reduction.

4697

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/4679/2012/acpd-12-4679-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/4679/2012/acpd-12-4679-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 4679–4717, 2012

Summertime
photochemistry

during
CAREBeijing-2007

Z. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

In this study, we have focused on understanding the photochemistry using
observation-constrained modeling. Our results point to the chemical characteristics
not yet well represented in current 3-D modeling studies. The large clustering of con-
centrated city and industrial regions in the eastern China, such as North China Plain
(NCP), Yangtze River Delta (YRD), and PRD, would suggest that fast photochemistry5

plays a critically important role in determining O3 levels in these regions. 3-D modeling
analysis, ideally constrained by in situ or remote sensing observations, will be neces-
sary to understand the interplay of chemistry and transport on the regional and global
scales.

Supplementary material related to this article is available online at:10

http://www.atmos-chem-phys-discuss.net/12/4679/2012/
acpd-12-4679-2012-supplement.pdf.
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Table 1. Sensitivity simulation scenarios.

Scenarios Description
or purposes

S0 Standard model setup: with full VOC chemistry, excess HONO,
γ(HO2) = 0.02

S0a S0 with γ(HO2)=0
S0b S0 with γ(HO2)=0.2
S1 S0 without excess HONO
S2 S0 without aromatics
S3 S0 without excess HONO or aromatics
S3a S3 with γ(HO2)=0

P(O3)senst S0, S0b, S1, S2, S3, S3a constrained with 50 %, 70 %, 90 %,
110 % of observed values of NO, VOCs respectively, and both of
them

γ(HO2)senst S0 with γ(HO2)=0, 0.02, 0.05, 0.1, 0.15, 0.2
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Table 2. R2 values beteewn P(O3) and
√
Q−LN−LR[NO], LOH−VOC

LOH−NO2
(Q−2PER−LR−LON),Q, and

NO during the daytime (06:00–18:00) and afteroon (12:00–18:00).

√
Q−LN−LR[NO] LOH−VOC

LOH−NO2
Q NO

(Q−2PER−LR−LON)

day afternoon day afternoon day afternoon day afternoon

S0 0.19 0.5 0.79 0.79 0.74 0.66 0.002 0.2
S0a 0.18 0.56 0.49 0.49 0.79 0.72 0.002 0.18
S0b 0.2 0.34 0.72 0.77 0.58 0.46 0.002 0.14
S1 0.09 0.69 0.77 0.77 0.86 0.85 0.03 0.09
S2 0.14 0.26 0.77 0.79 0.49 0.34 0.01 0.06
S3 0.1 0.59 0.76 0.79 0.77 0.72 0.07 0.03
S3a 0.06 0.56 0.76 0.77 0.62 0.79 0.08 0.03
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 663 

Figure 1. Average diurnal profiles of OH, HO2 and RO2 (black lines) in the standard model (S0). 664 

The vertical bars show the hourly standard deviations. The color lines in the right panel show the 665 

major components of RO2, which are described in the text. 666 

 667 

Fig. 1. Average diurnal profiles of OH, HO2 and RO2 (black lines) in the standard model (S0).
The vertical bars show the hourly standard deviations. The color lines in the right panel show
the major components of RO2, which are described in the text.
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Fig. 2. Daytime (06:00–18:00) average budgets of ROx radicals. Primary ROx sources and
sinks are in red and blue, respectively. The production and loss rates are in ppbv h−1.
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 672 

 673 

Figure 3. Average diurnal profiles of major ROx primary sources and sinks. 674 

675 

Fig. 3. Average diurnal profiles of major ROx primary sources and sinks.

4710

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/4679/2012/acpd-12-4679-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/4679/2012/acpd-12-4679-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 4679–4717, 2012

Summertime
photochemistry

during
CAREBeijing-2007

Z. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

31 

 

 676 

Figure 4. Average diurnal profiles of net formation rates of PANs and HNO3. Production and loss 677 

rates of PANs are also shown. 678 

679 

Fig. 4. Average diurnal profiles of net formation rates of PANs and HNO3. Production and loss
rates of PANs are also shown.
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 680 

Figure 5. Average diurnal profiles and breakdowns of O3 production (left) and loss rates (ppbv h
-1

) 681 

(right). The vertical bars show the standard deviation.  682 

683 

Fig. 5. Average diurnal profiles and breakdowns of O3 production (left) and loss rates (ppbv h−1)
(right). The vertical bars show the standard deviation.
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 684 

 685 

Figure 6. Daytime evolution of NOy components. 686 
Fig. 6. Daytime evolution of NOy components.
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Fig. 7. Daytime average O3 production rates and concentrations of OH, HO2, and RO2 under
scenarios S0, S1, S2, and S3. The yellow squares show the net O3 formation rates (P(O3)-
L(O3)).
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 692 

 693 

Figure 8. Daytime average HO2, OH and P(O3) as a function of γ(HO2).  694 

695 

Fig. 8. Daytime average HO2, OH and P(O3) as a function of γ(HO2).
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 696 

Figure 9. Changes of O3 production (∆P(O3)) as a function of NO, VOCs, and both under different 697 

scenarios in Table 1.  698 

699 

Fig. 9. Changes of O3 production (∆P(O3)) as a function of NO, VOCs, and both under different
scenarios in Table 1.
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 700 

 701 

Figure 10. Hourly ∆P(O3) due to NO changes under S0 and S3a. 702 

 703 

Fig. 10. Hourly ∆P(O3) due to NO changes under S0 and S3a.
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