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[1] For CareBeijing‐2006, two sites were established in urban and suburban regions
of Beijing in summer 2006. Observations of O3 and its precursors together with
meteorological parameters at both sites are presented. Gross ozone production rate P(O3)
and sensitivity to nitric oxides (NOx) and volatile organic compounds (VOCs) were
investigated using an observation‐based photochemical box model (OBM). P(O3) varied
from nearly zero to 120 and 50 ppb h−1 for urban and suburban sites, respectively. These
rates were greater than the accumulation rates of the observed oxidant (O3 + NO2)
concentrations. The O3 episodes typically appeared under southerly wind conditions with
high P(O3), especially at the urban site. Sensitivity studies with and without measured
nitrous acid (HONO) as a model constraint suggested that the estimated P(O3) at both sites
was strongly enhanced by radical production from HONO photolysis. Both NOx‐ and
VOC‐sensitive chemistries existed over time scales from hours to days at the two sites.
The variation in O3‐sensitive chemistry was relatively well explained by the ratio of
the average daytime total VOC reactivity (kTVOC) to NO, with the transition chemistry
corresponding to a kTVOC/NO value of 2–4 s−1 ppb−1. Pronounced diurnal variations in
the O3 production regime were found. In the morning, conditions were always strongly
VOC‐limited, while in the afternoon, conditions were variable for different days and
different sites. The model‐calculated results were tested by measurements of H2O2, HNO3,
total OH reactivity, and HOx radicals. The OBM was generally capable of correctly
simulating the levels of P(O3), although it might tend to overpredict the VOC‐sensitive
chemistry.
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1. Introduction

[2] It has been well recognized that high surface ozone is
mainly produced photochemically via sunlight‐exposed re-
actions involving anthropogenic as well as biogenic nitrogen
oxides (NOx) and volatile organic compounds (VOCs). The
photochemical ozone production rate P(O3) has a nonlinear
dependence on the radical sources NOx and VOCs. More-
over, this functional dependence, namely the P(O3)‐NOx‐

VOC sensitivity, varies significantly under different photo-
chemical conditions [Sillman et al., 1990; Kleinman et al.,
1997; Thornton et al., 2002]. Therefore, an effective
reduction policy can only be achieved when the dependence
of P(O3) on the precursors of O3 is determined definitively.
For that purpose, comprehensive field studies targeted at
diagnosing the functional dependence under different pho-
tochemical regimes between O3 and its precursors have been
conducted in Europe, North America, and Japan [Solomon
et al., 2000]. Major insights gained from those field stud-
ies are as follows: (1) P(O3)‐NOx‐VOC sensitivity needs to
be investigated individually in different regions because
there is no geographically uniform response to NOx and
VOCs [Hidy, 2000]; (2) observation‐based approaches
developed in data interpretation of field studies are key
complements of 3‐D Eulerian model calculations [Kleinman,
2000]; and (3) generally, observation‐based approaches
involve certain simplifying assumptions that can result in
artifacts in predicting either VOC‐ or NOx‐sensitive chem-
istry, and one needs to avoid or at least be aware of these
potential problems [Sillman, 1999].
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[3] In the 1980s, air pollution in Chinese metropolitan
areas (e.g., Beijing, Guangzhou, and Shanghai) was initially
characterized as being London‐type smog with SO2 and
sulfate as the major air pollutants [Tang et al., 1990]. In the
late 1990s, the air pollution shifted to a photochemical smog
as evidenced by high concentrations of VOC, NOx, and O3

[Zhang et al., 1998]. Recently, the term “air pollution
complex” has been used to describe the severe air pollution
caused by complex interactions between primary pollutants
from direct emissions and secondary pollutants from atmo-
spheric chemical‐physical processes in both gaseous and
aerosol phases [Shao et al., 2006; Zhang et al., 2008a].
[4] To examine the P(O3)‐NOx‐VOC sensitivity of the air

pollution complex, two observation‐based approaches,
namely observation‐based model (OBM) [Cardelino and
Chameides, 1995] and photochemical age‐based method
[Shiu et al., 2007], have recently been used in field cam-
paigns at the Pearl River Delta (PRD) and in southern
regions of Taiwan, respectively. Both the PRD and southern
Taiwan regions were characterized by VOC‐sensitive chem-
istry [Shiu et al., 2007; Zhang et al., 2007, 2008b]. According
to the OBM, radical production from nitrous acid (HONO)
and aldehyde photolysis contributed significantly to the
P(O3), while high aerosol loading strongly suppressed
P(O3) [Zhang et al., 2007, 2008b]. As indicated by Kanaya
et al. [2008], most of the work reviewed by Sillman [1999]
implicitly assumed that the radicals (HOx and ROx) behaved
according to the current tropospheric chemistry mecha-
nism. This is also the case for previous OBM methods used
in China. Obviously, this assumption is not necessarily
valid for the air pollution complex in Chinese metropolitan
regions. If the radicals do not behave as described by the
mechanisms developed in Europe or North America, the
P(O3) could be different from previous predictions. Fur-
thermore, the VOC/NOx ratios that result in the maximum
production of ozone could also be different from the pre-
dictions. Therefore, tests of the chemical mechanisms that
operate in the OBM based on direct measurements of rad-
ical concentrations or other directly measured parameters
would be interesting and helpful.
[5] In recent years, the air quality in Beijing has become

very poor; for example, the ambient air quality standard for
ozone has frequently been exceeded [Wang et al., 2006].
Many research activities were therefore planned and initi-
ated aimed at the 2008 Summer Olympic Games as well as
for long‐term perspectives for air pollution control. In this
study, within the framework of CareBeijing‐2006, two sites
were established in urban and suburban regions of Beijing
between 14 August and 10 September 2006. Trace gas con-
centrations and meteorological parameters were obtained at
both sites, which provided a good opportunity for studying
the O3 chemistry in the polluted Beijing area. The major
purpose of the present study is to estimate the gross photo-
chemical ozone production rate and its controlling factors for
the Beijing area through an integrated analysis based on
observation‐based approaches.

2. Experiment

2.1. Study Sites

[6] From the middle of August to early September 2006,
two sites, PKU and YUFA, were established as part of

CareBeijing‐2006. The PKU site is located in the urban area
of northern Beijing (39.99°N, 116.30°E), and the YUFA
site is in the suburban area of southern Beijing (39.51°N,
116.30°E). The distance between the two sites is about
50 km. In summer, the weather of Beijing is dominated by
the Asian monsoon and the valley wind, which is mainly
southerly during the daytime. In terms of topography,
Beijing is bounded by a mountain region to the north and
west, while to the south lies the North China Plain. Bohai
Bay is approximately 150 km to the east. The major sources
of primary air pollutants are located in the southern part of
Beijing and the surrounding provinces. The two sites were
selected to be in the direction (north–south) of the dominant
wind to characterize the influence of the southerly inflow air
masses.

2.2. Measurements

[7] At the two sites PKU and YUFA, O3, NO/NOy, NO/
NO2, SO2, and CO were measured by TECO models 49C,
42CY, 42CTL (detection limit for NO: 50 parts per trillion
(ppt)), 43C, and 48C, respectively. Daily calibration was
carried out routinely. At the same time, 45 species of non-
methane hydrocarbons (NMHCs), C2–C12, were measured
and identified by gas chromatography–flame ionization
detector (GC‐FID) or photoionization detector (PID) tech-
niques at YUFA, and 50 species of NMHCs (C3–C12) were
measured and identified by GC‐FID at PKU. Details on
the construction and validation of these two automated GC
systems are described by Xie et al. [2008] and Wang et al.
[2008].
[8] HONO was measured by a wet denuder ion chroma-

tography (WD/IC) [Su et al., 2008b] with a detection limit
of 100 ppt and by a long‐path liquid absorption photometer
(LOPAP) [Kleffmann et al., 2002] with a detection limit of
7 ppt in parallel at both sites. At YUFA, the measured
HONO concentrations showed good agreement between the
LOPAP and WD/IC systems (r2 = 0.84, HONOLOPAP =
0.85 × HONOWD/IC). However, we chose the LOPAP‐
measured HONO as the model constraint because of its
high precision. At PKU, a combined LOPAP‐ and WD/IC‐
measured HONO data set was used because of the relatively
large gaps in the LOPAP‐measured HONO time series. For
the combination, we first performed a linear regression
between the observed LOPAP and WD/IC (r2 = 0.65,
HONOLOPAP = 0.32 × HONOWD/IC). The WD/IC‐measured
HONO concentrations were scaled accordingly to fill the
gaps in the LOPAP data set.
[9] Measurements of oxygenated VOCs (OVOCs) and

H2O2 were made only at certain time periods. Ambient
OVOCs, including several aldehydes (HCHO and C2–C5

aldehydes), methyl vinyl ketone, and methacrolein, were
sampled by dinitrophenylhydrazine (DNPH)‐coated C18

cartridges (Waters and Associates) during 24–29 August
and 7 and 8 September at the PKU site and 2–11 September
at the YUFA site. Two to four DNPH samples were avail-
able from each day. The peroxides (H2O2 and methyl
hydroperoxide) were measured by high‐performance liquid
chromatography [Hua et al., 2008] during 11–31 August
for the PKU site and 1–12 September for the YUFA site.
Combining these results with the WD/IC‐measured gas‐
phase HNO3 concentrations (detection limit of 50 ppt)
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makes it possible for us to examine the ratio H2O2/HNO3 as
an indicator of O3 formation.
[10] At the YUFA site, HOx radicals, total OH reactivity,

and photolysis frequencies were also measured. The HOx

concentration was measured by the laser‐induced fluores-
cence (LIF) technique. The 2s uncertainties from calibration
were about 20% [Holland et al., 2003], and the precision of
OH and HO2 at integration times of 5 min was about (0.5 ×
106 cm−3 + 0.06[OH]) and (0.2 × 108 cm−3 + 0.09[HO2]),
respectively. The total atmospheric OH reactivity, kOH, is
defined as the pseudo first‐order rate coefficient of the sum
of all atmospheric OH loss reactions:

kOH ¼
X

kOHþXi
½Xi�; ð1Þ

where Xi represents the species such as CO, CH4, O3, NO2,
HCHO, and VOC. In this study, kOH was directly measured
by a UV pump and LIF probe technique similar to that of
Sadanaga et al. [2004]. In the measurement range of 1–
100 s−1, the accuracy of kOH was 7% of the measured value
plus 0.3 s−1, and the 1s precision was 4%–10% (S. R. Lou,
personal communication, 2008). The photolysis frequencies
were measured by a spectroradiometer [Bohn et al., 2008].
Radiometers were calibrated against the reference spectro-
radiometer at Forschungzentrum Jülich before and after the
study.
[11] Surface meteorological parameters were obtained by

a Vaisala Weather Transmitter WXT520 and R.M. Young

meteorological station for the PKU and YUFA sites,
respectively. The particulate matter PM2.5 was measured by
a TEOM 1400a at both sites as well.

2.3. Observation‐Based Model

[12] In this study, an observation‐based model developed
by Cardelino and Chameides [1995] was used to investigate
P(O3)‐NOx‐VOC sensitivity through the relative incremen-
tal reactivity (RIR). The OBM is a 0‐D box model per-
formed with a carbon bond mechanism 4 (CBM4) reaction
scheme [Gery et al., 1989; Dodge, 2000]. Measurements of
O3, HONO, NO, CO, NMHCs, photolysis frequencies, H2O,
temperature, and pressure were used as model constraints
with 1 h intervals. Initial values of the constrained long‐
lived species were also taken from the measurements. Initial
values of the unconstrained trace gas species were set to
zero. Calculations of OH, HO2, RO2, Peroxyacyl nitrate
(PAN), NO2, and oxidized VOCs were made in a time‐
dependent mode including their entrainment losses param-
eterized by the Ozone Isopleth Plotting with Optional
Mechanisms version 4 model [Hogo and Gery, 1988]. To
parameterize entrainment losses, the maximum and mini-
mum heights of the mixing boundary layer were required.
Based on lidar measurements at the Sino‐Japan Friendship
Centre for Environmental Protection (116.3°E, 39.9°N),
general maximum and minimum mixing boundary heights in
Beijing during the field study were estimated to be 1.5 and

Figure 1. Time series of hourly average data for (a) wind speed, (b) O3 photolysis frequency (j(O1D)) at
the YUFA site in Beijing and UVB at the PKU site in Beijing, (c) O3, (d) NO, and (e) particulate matter
PM2.5 at the PKU (red) and YUFA (black) sites. The horizontal line in Figure 1c denotes the hourly
averaged national air quality standard for O3 of 200 mg m−3 (about 93 ppbv at 25°C and 1 atm). Vertical
dotted lines indicate the zero hour of each day.
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0.5 km, respectively (X. G. Liu, personal communication,
2008). Free tropospheric concentrations of all species were
assumed to be zero. The OBM is designed to perform two‐
phase simulations. The first phase of simulation assimilates
the concentrations of specified species to calculate unspecified
species and pseudo‐emission terms, S(X), for the measured
long‐lived species. In the second phase, the calculated
pseudo‐emission terms are varied to test the model sensi-
tivity of precursors. Then the RIR can be determined for
NO, CO, NMHCs, and other species as follows:

RIRX ¼
½PO3�NOðXÞ � PO3�NOðX��XÞ�=PO3�NOðXÞ

�SðXÞ=SðXÞ
: ð2Þ

Here, PO3�NO is the daytime integrated P(O3) weighted by
the mixed layer height, and it is used as a measure of ozone
formation potential [Carter and Atkinson, 1987]. If PO3�NO

is replaced by the instantaneous P(O3), the derived RIR is
then denoted as RIR*. RIR* is useful in searching for in-
stantaneous ozone sensitivity.

3. Time Series of Major Parameters

[13] A summary of time series of hourly averaged O3

photolysis frequency (j(O1D)), UVB, O3, NO, PM2.5,
HONO, CO, the total measured VOC concentration (TVOC),
the total measured VOC reactivity (kTVOC), and NO2 at the
YUFA and PKU sites is depicted in Figures 1 and 2. The 4 h
average wind speeds at both sites are shown in Figure 1a.

The GC‐measured alkanes, alkenes, and aromatics were
summed up as TVOC. The TVOC reactivity is a measure of
TVOC based on OH reactivity:

kTVOC ¼
X

ki½VOCi�; ð3Þ

where ki is the reaction rate constant for the reaction

OHþ VOCi ! peroxyradicals: ð4Þ

The ki were taken from the work of Atkinson et al. [2001]
(http://www.iupac‐kinetic.ch.cam.ac.uk) and Chang et al.
[2005].
[14] Among the parameters listed above, PM2.5 is a

valuable air quality‐meteorological index, which tends to
vary periodically with large dynamics. The low‐PM2.5 events
of 20, 21, 25, 26, and 28–31 August and 3–5 September
corresponded mostly to northerly wind conditions, whereas
the other pollution episodes corresponded to southerly wind
and/or stagnant conditions. As mentioned above, in general,
northerly winds with high wind speeds bring cleaner air from
the mountain region, while southerly winds bring emissions
over southern Beijing and the surrounding area. Therefore,
variations in PM2.5 concentration can generally demonstrate
the basic pattern of how atmospheric dynamics influences air
pollution status. Furthermore, O3 concentrations at the two
sites varied similarly at comparable concentration levels over
the entire set of observations. This was also the case for the
observed concentrations of PM2.5. The similarities of these

Figure 2. Time series of hourly average data for (a) HONO, (b) CO, (c) TVOC, (d) kTVOC, and (e) NO2

at the PKU (red and blue) and YUFA (black) sites in Beijing. Red and blue lines in Figure 2a represent the
observed HONO concentration at the PKU site by long‐path liquid absorption photometry and wet denu-
der ion chromatography, respectively. Vertical dotted lines indicate the zero hour of each day.
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two major air pollutants reflected the regional‐scale char-
acteristics of air pollution over urban and suburban areas of
Beijing.
[15] Compared to the Chinese national air quality standard

(approximately 93 ppbv of hourly averaged O3 concentra-
tion at 25°C and 1 atm; horizontal line in Figure 1c), the
frequency of O3 exceedance at both sites could be up to
50%. This is lower than previously reported values for the
Beijing area [Wang et al., 2006] and that observed in the
Pearl River Delta region in southern China [Zhang et al.,
2008b]. Days with relatively low O3 concentrations, such
as 14, 20, 22, 25, 26, 29, and 30 August and 3–5 and
8 September, corresponded to conditions with high wind
speeds (especially northerly winds) or low radiation (indi-
cated by j(O1D) and UV) at the two sites.
[16] At both sites, afternoon NO concentrations were

typically either around or less than several hundred parts per
trillion by volume (Figure 1d). This was quite surprising
since these two sites were both not far from vehicle sources
(about 50 m from the nearest roads). The NO concentration
at the PKU site was in general higher than that at the YUFA
site. This was reasonable because the traffic around PKU
was denser than that around YUFA. Daytime NO2 con-
centrations at both sites, but especially at the YUFA site,
were relatively low for most days and mostly below 5 ppbv
during afternoon hours (Figure 2e). Low values of NO2

were consistent with the observations of low NO con-
centrations at both sites.
[17] Relatively high HONO concentrations were mea-

sured at the YUFA and PKU sites (Figure 2a). Typical
daytime HONO concentrations were about several hundred
parts per trillion by volume for the YUFA site and 1 ppbv
for the PKU site. Compared with the recently reported high
HONO observations at a German forest site [Kleffmann et
al., 2005], New York [Ren et al., 2003], Berlin [Alicke et
al., 2003], and Guangzhou [Su et al., 2008a, 2008b], the
observations reported here were among the highest levels.
Richter et al. [2005] analyzed the spatial distribution of NO2

according to satellite observations by the Global Ozone
Monitoring Experiment and the Scanning Imaging Ab-
sorption Spectrometer for Atmospheric Cartography on
Envisat. Their results clearly demonstrated the existence of a
large high‐NO2 region (about 10° in latitude and 12° in
longitude) including Beijing and its surrounding areas. Thus
the high HONO concentration observed here and its possi-
ble impact on the photochemical ozone production exam-
ined in this study may have regional implications. A detailed
closure study on HONO chemistry will be presented in a
future publication. In the present study, since accurate
measurements of HONO concentrations were achieved with
LOPAP, they were used as the model constraint to reduce
the uncertainty of the unknown sources of HONO in the
current photochemical mechanism, which would help in
simulating the photochemical P(O3) and determining how it
is formed.
[18] High CO concentrations were also observed at both

sites (Figure 2b). The peak value was about several ppmv,
while the low value approached 100–200 ppbv at high wind
speeds (especially with northerly winds). The TVOCs were
comparable at the two sites (Figure 2c), and around noon,
they varied between 10 and 30 ppbv. According to Xie et al.
[2008], on average the major contributors to TVOC were

alkanes (57%), aromatics (32%), alkenes (9%), and isoprene
(2%) at the PKU site. For the YUFA site, the contributions
to TVOC from these different VOC groups were 53%, 21%,
24%, and 2%, respectively.
[19] The kTVOC around noon typically varied between

about 4 and 10 s−1 at the PKU site and between 2 and 6 s−1

at the YUFA site (Figure 2d). Isoprene significantly con-
tributed to kTVOC in the afternoon. The contribution of
isoprene between 1100 and 1500 LT was on average about
36% at both sites. However, the online GC‐measured VOC
reactivity was typically two to three times smaller than the
directly measured kOH. Therefore, the role of isoprene was
also comparably smaller. Concentration of HCHO and total
concentration of C2–C5 aldehydes (ALD2) were among the
few off‐line DNPH measurements. The mean concentration
of HCHO was estimated to be 9.2 and 6.1 ppb at the PKU
and YUFA sites, respectively, and the mean concentration
of ALD2 was estimated to be 7.7 and 5.6 ppb for the PKU
and YUFA sites, respectively. Taking these two species into
account, another 5 and 3.6 s−1 would be contributed to the
measured kTVOC for the PKU and YUFA sites, respectively.
This could further reduce the difference between the mea-
sured kTVOC and the directly measured kOH.
[20] Moreover, the mean OH reaction rate constant,

kOH+TVOC, can be defined as

kOHþTVOC ¼ kTVOC=½TVOC�: ð5Þ

During the daytime, kOH+TVOC at the PKU site was higher

than 10 × 10−12 cm3 s−1, which was higher than the OH re-
action rate constant of ethene, while the kOH+TVOC values

at the YUFA site were mainly from 3 × 10−12 to 10 ×

10−12 cm3 s−1. The difference in kOH+TVOC at these two
sites suggested that the PKU site was probably closer to
the source and experienced more fresh emissions. Shao et
al. [2005] estimated kOH+TVOC from the samples obtained
within the Beijing area in 2002. Their results were com-
parable to ours at the PKU site. The mean OH reaction rate
constant in the Beijing area was generally higher than that
observed in the United States, and it can be considered to be
an indication of the intense photochemistry in China [Shao
et al., 2005, and references therein].
[21] On all accounts, NOx, kTVOC, kOH+TVOC, CO, HONO,

and HCHO were generally higher at the PKU site than at the
YUFA site. This gives us a clear means of distinguishing the
urban and suburban areas in Beijing.

4. Estimation of Photochemical O3

Production Rate

[22] Before investigating the P(O3)‐NOx‐VOC sensitivity
for a certain location, it is useful to estimate the instanta-
neous P(O3), which can be used to judge to what extent the
present O3 was formed through local photochemical reac-
tions. If the local formation dominates, we can then focus on
the cases of large local photochemical production. The
concept of “total oxidant” (Ox = O3 + NO2) has been fre-
quently used to infer photochemical O3 production on local,
regional, and global scales since it was proposed by Liu
[1977] and Levy et al [1985]. A major advantage of this
definition is that its production and loss are independent of
the rapid photochemical reactions that convert O3 to NO2
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and vice versa. Since these reactions are very fast in the
urban and suburban atmosphere, bypassing them enables Ox

production to represent the real photochemical production of
O3. In another sense, Ox concentration is a better measure of
the real production of oxidant than O3. With the total oxi-
dant concept, the most useful way to calculate P(O3) is
through

PðO3Þ ¼ kHO2þNO½HO2�½NO� þ
X

kRO2þNO �½RO2�½NO�: ð6Þ

[23] Here, � is the yield of NO2 from the RO2 + NO
reaction. However, it is still very difficult to directly mea-
sure peroxy radicals due to their low atmospheric concen-
tration and short lifetime. Only chemical ionization mass
spectrometry and matrix isolation electron spin resonance
techniques have been able to measure both HO2 and RO2

concentrations accurately [Edwards et al., 2003; Mihelcic et
al., 2003]; in a relatively clean environment, the peroxy
radical chemical amplification technique also functions well
[Volz‐Thomas et al., 2003]. Otherwise, the LIF technique
can be used to measure only HO2 concentrations [Heard
and Pilling, 2003]. Therefore, in previous studies, a num-
ber of observation‐based approaches were formulated to
estimate peroxy radical concentrations through photochem-
ical box models, NOx photostationary states, HOx radical
budgets, and others [Kleinman, 2000, and references therein].
In the following, the term “P(O3)” is used throughout to refer
to the sum in equation (6) with the OBM‐diagnosed peroxy
radical and the measured NO. For each RO2 + NO reaction
channel, the corresponding parameter � is the stoichiometric

coefficient of the produced NO2 in the CBM4 mechanism. In
addition, calculations of two other P(O3) proxies using
equation (6) with measured or modeled HO2 and measured
NO that omit the RO2 term are denoted k[HO2(obs)][NO] or
k[HO2(mod)][NO] in the following discussion.
[24] Temporal variations of P(O3) calculated by the OBM

for the YUFA site are presented as red lines in Figure 3a.
For reference, the measured O3 + NO2 is shown in Figure 3b,
and the two P(O3) proxies k[HO2(obs)][NO] and k
[HO2(mod)][NO] at the YUFA site are shown as circles and
blue lines, respectively, in Figure 3a. At YUFA, the daily
maximum P(O3) values varied from 10 to 50 ppbv h−1 and
those of k[HO2(mod)][NO] varied between 5 and 30 ppbv
h−1. The daily maximum of k[HO2(obs)][NO] varied within
the range 10–30 ppbv h−1 from day to day. It can be seen
that the scales of k[HO2(obs)][NO] and k[HO2(mod)][NO]
are similar. This agreement supports the high P(O3) values
calculated by the OBM model. The Ox concentrations at
YUFA showed relatively regular diurnal variations, with
an average daytime accumulation of 45 ppbv (Figure 3b).
This increase is consistent with the calculated photochem-
ical formation.
[25] The corresponding data for the PKU site are given in

Figures 3c and 3d. On average, the photochemical formation
rate at PKU was much larger than that at YUFA, and the
daily maximum values of P(O3) varied between 15 and
120 ppbv h−1, while the average daily Ox accumulation was
about 47 ppbv. The P(O3) or its proxies at the two sites were
comparable to previously reported values at other urban
locations. For example, in Mexico City, maximum values of
k[HO2(obs)][NO] and k[HO2(mod)][NO] were up to 46 and

Figure 3. Time series of hourly average data for the observation‐based photochemical box model
(OBM)‐calculated (a, c) P(O3) (red) and (b, d) O3 + NO2 at the YUFA and PKU sites, respectively.
The P(O3) proxies k[HO2(obs)][NO] and k[HO2(mod)][NO] are given as circles and blue lines in
Figure 3a, respectively. Vertical dotted lines indicate the zero hour of each day.
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86 ppbv h−1, respectively [Shirley et al., 2006]. In Houston,
high P(O3) values (∼100 ppbv h−1) were calculated and
confirmed by aircraftmeasurements ofO3 [Ryerson et al., 2003;
Daum et al., 2004]. In Tokyo, New York, and Nashville, over
themean ormedian diurnal profiles, high values of k[HO2(obs)]
[NO] or k[HO2(mod)][NO]were in the range of 10–20 ppbv h−1

[Martinez et al., 2003; Ren et al., 2003; Kanaya et al., 2008].
The smallest value of k[HO2(obs)][NO] for urban locations was
observed during the Berliner Ozonexperiment (BERLIOZ),
where only about 3 ppbv h−1 was demonstrated [Holland et
al., 2003].
[26] Nevertheless, for the Beijing area, especially for the

urban PKU site, the model‐diagnosed O3 formation was
much larger than the observed accumulations. This discrep-
ancy could not be balanced by the major known chemical
losses of Ox, for example, the reaction of OH with NO2 and
O3 photolysis. We calculated the reaction rate of these two Ox

losses based on the measured and/or modeled OH and mea-
sured NO2, O3, and j(O1D). The sum of these two chemical
losses of Ox would be about several parts per billion by vol-
ume per hour, which would only slightly change the calcu-
lated P(O3). Hence, losses of Ox through physical processes
including vertical and horizontal transport and dry deposition
should have contributed significantly.
[27] According to the measured meteorological and pho-

tochemical parameters shown in Figures 1 and 2, three kinds
of meteorological conditions were distinguished. The first
condition was the “southerly wind” days (15–19, 21, 23, 24,
and 27 August and 1, 2, 5, and 6 September). As seen in
Figure 1, the southerly wind days generally occurred with
high peaks in O3 concentration. The second condition was
the “northerly wind” days (20, 25, 26, and 28–31 August
and 4 September), and the last condition was the “low‐
radiation” days (22 and 30 August and 3 and 7 September).
This classification is useful because the different source
regions for the Beijing areas were affected by the different
wind directions as described above. Similar to the analysis
applied in Tokyo [Kanaya et al., 2008], the hourly average
diurnal profiles of P(O3), Ox, 2kTVOC × OH, D(O3 + NO2),
and D(O3 − NO) are presented in Figure 4 under these three
conditions for the YUFA and PKU sites. According to the
Ox profiles for both sites, larger P(O3) was expected on
southerly wind days than on northerly wind and low‐
radiation days. However, the values of P(O3) for southerly
and northerly wind conditions were similar at the YUFA
site, and this behavior was supported by the variations of
k[HO2(obs)][NO]. Hence, the occurrence of smog in the
Beijing area appears to be strongly determined by mete-
orological factors in combination with photochemistry.
Under the southerly wind conditions and due to the
blocking effect of the northern mountains, pollutants and
photochemically produced O3 accumulated and high O3

episodes occurred in the northern Beijing urban area where
the PKU site was located. However, under the northerly
wind conditions, the relatively clean air mass from the
mountain region and the O3 produced could be further
diffused to the large southern plain region. This would
probably form a more homogeneous distribution of O3

regionally.
[28] The terms 2kTVOC × OH, D(O3 + NO2), and D(O3 −

NO) are considered additional P(O3) proxies that do not rely
on the model mechanism in this context. The term 2kTVOC ×

OH parameterizes the oxidation rate of ambient VOC with a
mechanistic reactivity parameter’i (in the form∑ ki[VOCi] ×
[OH]’i) to relate it to the photochemical ozone production,
where ’i describes the chemical yield of O3 after one mole-
cule of removal of VOCs. As argued by Kleinman et al.
[2002], ’i could be parameterized as 2 for polluted areas.
The mean diurnal profile of the measured OH concentra-
tions at the YUFA site was used for these calculations at
both sites. This term includes the O3 production potential
from all the measured VOCs. In our case, this flux was
smaller by a factor of 2–5 than the model‐calculated P(O3)
at both sites. The other two terms,D(O3 +NO2) andD (O3 –

NO), calculate the neighbor difference over the 1 h aver-
aged O3 + NO2 or O3 – NO concentration time series for
each site, which in principle would give similar results to
P(O3) when only chemical processes were considered. As
shown in Figures 4g–4j, both of them diagnosed similar
values, which, however, are much smaller than the model‐
calculated P(O3). This difference may indicate that the
meteorological factors played a significant role in deter-
mining the local near‐surface ozone concentrations.
[29] To further evaluate the model calculations, the kTVOC/

NO dependence of P(O3) and its proxies k[HO2(obs)][NO],
k[HO2(mod)][NO], and 2kTVOC × OH during daytime
(0800–1800 LT) was analyzed as shown in Figure 5. In the
kTVOC/NO coordinates, typically large P(O3) values were
present in the low‐kTVOC/NO regime. The dependence was
similar for P(O3) and the two other proxies, k[HO2(obs)]
[NO] and k[HO2(mod)][NO], when kTVOC/NO was greater
than 1 s−1 ppb−1. When kTVOC/NO was less than 1 s−1 ppb−1,
relatively large deviations were observed between P(O3)
and the other proxies, and the values of k[HO2(obs)][NO]
could be much greater than the P(O3) under this condition.
This deviation may imply that the OBM underestimated the
HOx sources in the low‐kTVOC/NO regime, which indicates a
potential tendency in predicting VOC‐sensitive chemistry.
However, the real tendency is difficult to explore in the
present study because there were no corresponding mea-
surements of RO2. According to the results from previous
field measurements [Mihelcic et al., 2003; Volz‐Thomas et
al., 2003], the RO2/HO2 ratio was highly variable and
could be much larger than 1 in a medium‐ or low‐NOx

regime (equivalent to a medium‐ or high‐kTVOC/NO
regime). Therefore, the functional dependence between the
kTVOC/NO and the real P(O3) rates may differ significantly
from that solely estimated by k[HO2(obs)][NO]. Unlike the
other three calculations, the proxy 2kTVOC × OH demon-
strated an almost constant level across the entire range. The
values of k[HO2(obs)][NO] were 2–5 times higher than that
estimated with the measured OH multiplied by kTVOC in
most of the kTVOC/NO dynamics. This discrepancy may
suggest that the online GC only measured less than half of
the total VOC reactivity in the atmosphere. In the high‐
kTVOC/NO region, the P(O3) proxy 2kTVOC × OH was larger
than that derived from the measured HO2. This reversed
discrepancy might be due to the fact that the parameterized
factor ’i in the relation of the oxidation rate to photo-
chemical ozone production was no longer equal to 2 at high
kTVOC/NO values.
[30] Figures 5a and 5b show P(O3) and its proxy

k[HO2(mod)][NO] diagnosed by sensitivity model runs
without using measured HONO as an input. On the basis
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of these comparisons, two important points are found. First,
the modeled cases constrained by the measured HONO
would lead to a twofold to fourfold increase in the modeled
P(O3) compared to the modeled cases without the measured
HONO as an input. These increases were larger for lower
kTVOC/NO values. Second, as illustrated in Figure 5b,
the modeled cases constrained by the measured HONO
matched the measurements better than the modeled cases

without the measured HONO as an input. Similar large
increases in the modeled P(O3) could also be found at the
PKU site when no direct peroxy radical measurements were
available for validation. As interpreted in previous field
studies and laboratory investigations [Alicke et al., 2003;
Kleffmann et al., 2005; Kleffmann, 2007; Stemmler et al.,
2006; Zhang et al., 2008b], the difference between the ob-
served and modeled HONO has been considered to be caused

Figure 4. Hourly average diurnal profiles of (a, b) P(O3), (c, d) Ox, (e, f) 2kTVOC × OH, (g, h) D(O3 +
NO2), and (i, j) D(O3 − NO) for YUFA and PKU sites, respectively, on southerly wind days (15–19, 21,
23, 24, and 27 August and 1, 2, 5, and 6 September; red), northerly wind days (20, 25, 26, and 28–31
August and 4 September; green), and low‐radiation days (22 and 30 August and 3 and 7 September; blue).
In Figures 4a and 4b, dashed lines indicate P(O3) values calculated by the OBM model. In Figure 4a,
circles indicate the P(O3) proxy k[HO2(obs)][NO]. In Figures 4e and 4f, the mean diurnal profile of ob-
served OH concentration at YUFA was used for both sites.
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by unknown heterogeneous mechanisms. Hence, similar to
what had been discovered for the PRD region [Zhang et al.,
2008b], the results we obtained may indicate the impor-
tance of heterogeneous contributions of HONO to photo-
chemical O3 production in Beijing urban and suburban areas.
If these heterogeneous productions of HONO could be at-
tributed to reactions on the aerosol surface and atmospheric
NO2 was involved, our results would suggest the importance
of aerosols and NO2 in the chemistry for the Beijing area and
the unique importance of reducing NOx before considering
the regime of O3 formation. Moreover, the kTVOC/NO
dependence of the calculated P(O3) for modeled cases with
or without the measured HONO as an input were different at
the two sites. The P(O3) of the modeled cases without the
measuredHONO as input demonstrated a peak shifted toward
the larger‐kTVOC/NO regime compared to the modeled cases
with themeasuredHONO as an input. This behavior implies a

systematic tendency to predict VOC‐sensitive chemistry for
models without the measured HONO as input, namely,
without a heterogeneous HONO source mechanism.
[31] In the next section, we investigate the P(O3)‐NOx‐

VOC sensitivity on two different time scales: hours and days.
The discussion of the former focuses on instantaneous P(O3),
and the latter focuses on O3 production potentials (PO3�NO).

5. Photochemical Ozone Production (P(O3))
Nitrogen Oxide (NOx)–Volatile Organic Compound
(VOC) Sensitivity

5.1. Day‐to‐Day Variations in P(O3)‐NOx‐VOC
Sensitivity

[32] Daily integrated RIR is an important parameter for
evaluating a policy that targets reduction in the 8 h O3

Figure 5. The kTVOC/NO dependence of (a, e) P(O3) and its proxies (b, f) k[HO2(mod)][NO],
(c) k[HO2(obs)][NO], and (d) 2kTVOC × OH. Figures 5a–5d show results from the YUFA site, and
Figures 5e and 5f show results from the PKU site. The box‐whisker data are over equally spaced
log(kTVOC/NO) intervals. The median values of the P(O3) proxy k[HO2(obs)][NO] in each kTVOC/NO
bin are shown as red lines in Figures 5a–5d. The dash‐dotted lines in Figures 5a, 5b, 5e, and 5f depict
the median value of P(O3) or its proxy k[HO2(mod)][NO] calculated by sensitivity model runs without
measured HONO as a model input.
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concentration as required by the ambient air quality stan-
dards of many countries. In this study, we calculated daily
integrated RIRs for anthropogenic hydrocarbons (AHC,
including measured alkanes, alkenes, and aromatics), natural
hydrocarbons (NHC, including only isoprene), CO, and NO
from 14 August to 7 September (Figure 6). Limited by the
availability of measured long‐lived species, the RIRs at the
YUFA site on 2 September and at the PKU site on 14 and
15 August could not be calculated. The RIRNO/RIRAHC

parameter for each day is also presented in Figure 6b as a
measure of NOx‐VOC sensitivity. Overall, RIR and NOx‐

VOC sensitivity showed large day‐to‐day and site‐to‐site
variations. At the YUFA site, the NOx‐sensitive days were
17–19, 24, 27–29, and 31 August, and the VOC‐sensitive
days were 14–16, 20–23, 25, 26, and 30 August and
1–7 September. At the PKU site, the NOx‐sensitive days were
16–20, 24, 25, 28, and 29 August and 1 and 2 September,
and the VOC‐sensitive days were 21–23, 26, 27, 30, and
31 August and 3–7 September.
[33] Of interest, the NOx‐ and VOC‐sensitive days did not

correspond to the different meteorological conditions, that
is, southerly wind, northerly wind, and low‐radiation days.
In the coordinates of RIRNO/RIRAHC and the daily maxi-
mum O3 concentration, we found that at the YUFA site, the
high‐O3 episodes (maximum O3 within 80–100 ppbv) were
partly sensitive to NOx and to VOC. However, at the PKU

site, the high‐O3 episodes (maximumO3within 80–140 ppbv)
were mostly sensitive to NOx (Figures 7a and 7b).
[34] Furthermore, RIRNO/RIRAHC was compared to other

measured or measurement‐derived parameters (daily day-
time average NO, TVOC, kTVOC, isoprene, j(NO2), HONO,
temperature, and kTVOC/NO) to identify differences between
NOx‐ and VOC‐sensitive days. None of these parameters
demonstrated good correlation with RIRNO/RIRAHC except
kTVOC/NO. The daytime average kTVOC/NO ratio is defined
as kTVOC/NO = mean(kTVOC)/mean(NO). For the YUFA and
PKU sites, the correlation coefficients (r2) between RIRNO/
RIRAHC and kTVOC/NO were about 0.6 and 0.5, respec-
tively. The date 20 August was excluded from the correla-
tion analysis since the ratio RIRNO/RIRAHC on this date was
strongly distorted by the low value of RIRAHC (Figures 7c
and 7d). Daily average kTVOC/NO values for each day are
also shown in Figure 6. The variations in RIRNO/RIRAHC

basically followed the variations in kTVOC/NO at both sites.
Typically, if kTVOC/NO was lower than 2 s−1 ppb−1, O3

production was most likely to be VOC‐sensitive chemistry,
while if kTVOC/NO was larger than 4 s−1 ppb−1, O3 pro-
duction was most likely to be NOx‐sensitive chemistry.
[35] However, there were some days (24 and 25 August at

the YUFA site and 2 and 3 September at the PKU site) with
similar values of kTVOC/NO but for which the OBM pre-
dicted significantly different P(O3)‐NOx‐VOC sensitivity. In

Figure 6. Daily integrated O3‐NOx‐VOC sensitivity judged by OBM‐calculated relative incremental
reactivity (RIR) values for the YUFA and PKU sites. (a, c) Daily RIR values of anthropogenic hydrocar-
bons (AHC), natural hydrocarbons (NHC), CO, and NO. (b, d) Daily values of RIRNO/RIRAHC and the
daytime average ratio kTVOC/NO.
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the following discussions (see section 5.3), the daily inte-
grated RIRs calculated by the OBM would be strongly
affected by the time evolution of the weighting factor
regarding this prediction, that is, a change in the instan-
taneous P(O3) regime or P(O3) itself. Hence, this kind of
variability should be attributed to the different diurnal
variation pattern of kTVOC/NO for the different days, which
was not reflected by the daytime average ratio kTVOC/NO.
Accordingly, we revisited the diurnal variations in kTVOC/
NO on 24 and 25 August at the YUFA site. Distinct diurnal
patterns of kTVOC/NO were found for those 2 days, and
even the daytime average kTVOC/NO ratio was similar. The
effective kTVOC/NO ratios corresponding to high P(O3) were
thus also much different. As a result, different O3‐NOx‐

VOC sensitivities were predicted for these two days by
the OBM. A similar situation was also found on 2 and 3
September at the PKU site. It is worth noting that the
changes in the diurnal variations of kTVOC/NO in these two
pairs of neighboring days at the two sampling sites corre-
sponded to a distinct change in wind direction. This might
imply that a better correlation between RIRNO/RIRAHC and
kTVOC/NO might be reached under similar meteorological
conditions. Thus, the correlation coefficients of these two

parameters (RIRNO/RIRAHC and kTVOC/NO) were calculated
separately for the southerly and northerly wind days. At the
YUFA site, surprisingly good correlation (r2 up to 0.8) was
found for the southerly wind days, while the r2 dropped to
∼0.25 over the northerly wind days. The relatively poor
correlation for the northerly wind days might be due to the
significant change in alkene concentrations within this
period (Figure 9a). At the PKU site, the separate calculation
of r2 did not significantly improve the correlations between
RIRNO/RIRAHC and kTVOC/NO under the two dominant wind
conditions. This may be due to the relatively stable speciation
of VOC reactivity therein (Figure 9b).
[36] Moreover, we compared the OBM‐calculated RIRNO/

RIRAHC with the measurement‐derived H2O2/HNO3 ratio
averaged for the afternoon (1500–1900 LT). The correlation
between RIRNO/RIRAHC and the measurement‐derived
H2O2/HNO3 ratio is shown in Figure 8. No significant
correlation between these two parameters was found (r2 was
less than 0.3). Actually, the OBM calculations were not
consistent with the measurement‐derived H2O2/HNO3 ratio
for determining the O3 formation regime in many occasions.
This was probably due to variations in SO2 concentration
levels. As illustrated by the color coding in Figures 8a and

Figure 7. Relationship of RIRNO/RIRAHC to (a, b) daily maximum O3 concentration and (c, d) ratio of
daily average kTVOC/NO at the YUFA and PKU sites, respectively. Data are given for the southerly wind
condition (red), northerly wind condition (green), and low‐radiation condition (blue). The horizontal line
is the division between the NOx‐sensitive and VOC‐sensitive regimes.
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8b, the H2O2/HNO3 ratios were strongly influenced by
SO2 concentration. This phenomenon indicated that the
fast heterogeneous reactions between H2O2 and SO2 could
potentially have caused the failure of the H2O2/HNO3

indicator.
[37] Nonetheless, some cases at the PKU site that were

located in a similar SO2 regime had significantly different
H2O2/HNO3 ratios. This further suggests that other factors
were also important in determining H2O2/HNO3, which
might include the processes of HOx photochemistry, het-
erogeneous chemistry, and transportation. The effects of
heterogeneous chemistry and transportation were probed
qualitatively by color coding the above correlations with
correspondingly averaged PM2.5 concentrations and wind
speeds. It was found that the significant variations of H2O2/
HNO3 in certain SO2 regimes seem to be linked to the
simultaneous variations of the heterogeneous or transport
factors. The effect of HOx photochemistry is examined
semiquantitatively through the correlation between RIRNO/
RIRAHC and the modeled H2O2/HNO3 (note that the SO2

chemistry is not included in CBM4). As shown in Figures 8c

and 8d, the modeled relationship displayed a slightly smaller
indicator value of H2O2/HNO3 (∼0.2–0.3) for the transition
regime than did the previous 3‐D model calculations (0.4–
0.6 [Sillman, 1995; Chen and Chang, 2006]). The difference
is probably due to the use of RIRNO/RIRAHC to determine the
O3‐NOx‐VOC sensitivity instead of RIRNO/RIRVOC. On the
other hand, in comparing the correlation of the modeled and
measured H2O2/HNO3 with RIRNO/RIRAHC, relatively good
agreement was found when H2O2/HNO3 was in the range of
0.04–0.4 for the PKU site (Figure 8b). However, low values
of H2O2/HNO3 typically mean low H2O2 concentrations,
which further suggested a relatively large uncertainty in the
measurement‐derived ratio, and thus the agreement might not
be significant.
[38] In the above discussions, we basically understand the

day‐to‐day and site‐to‐site variations in RIRAHC and RIRNO.
However, RIRNHC and RIRCO are still not understood.
Moreover, for the VOC‐sensitive days, identification of the
important VOC groups was needed. Hence, the speciation of
the model‐calculated daytime average kOH was analyzed.
Considering the possible influences of the wind field, the

Figure 8. Correlations between RIRNO/RIRAHC and the average H2O2/HNO3 ratio during the afternoon
(1500–1900 LT). (a, b) The correlation for measurement‐derived values, with the corresponding averaged
SO2 concentration given by colored circles; the corresponding model‐derived values are shown as rectan-
gles; the correlation coefficient (r2) between RIRNO/RIRAHC and the measurement‐derived H2O2/HNO3 is
also shown. (c, d) The correlation for the model‐calculated average H2O2/HNO3 ratio. Limited by the
available measurements of H2O2 in the afternoon hours, the data coverage is for 4–6 September for
the YUFA site and 16–19 and 22–30 August for the PKU site. The horizontal line in each panel marks
the division between the NOx‐sensitive and VOC‐sensitive regimes.
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data set was classified into four cases: southerly wind/VOC‐
sensitive condition, southerly wind/NOx‐sensitive condition,
northerlywind/VOC‐sensitive condition, and northerly wind/
NOx‐sensitive condition at both the YUFA and PKU sites
(Figure 9, vertical bars). The measured and modeled daytime
averaged kOH values at the YUFA site are compared in
Figure 9a (since the kOH measurements were limited, the
mean values of the measured and modeled kOH (circles) are
only a subset of the full model results, which show significant
differences from what is given at the top of the vertical bars).
In each case, the modeled kOH shows agreement with the
measured values if the measurement uncertainties are con-
sidered. For all four cases, relatively good agreement of the
variation trend was also found between the modeled kOH and

the measured values. This implied that the present OBM
simulated the real atmospheric reactivity relatively well,
which was important for the diagnosis of the O3 production
potential.
[39] At both sites, measured NOx, CO, and NMHCs

(alkanes, alkenes, aromatics, and isoprene) in total contrib-
uted to more than 60% of the model‐diagnosed kOH. The
other 40% was mainly due to HCHO and ALD2 calculated
by the model. Of interest, the reactivity of the modeled
HCHO and ALD2 was comparable to the mean reactivity
derived from the DNPH measurements as described above
(section 2.2). Thus, the modeled kOH for both sites could
also be approximately estimated by measurements of the
direct trace gases. Similar to the measured kTVOC, the mod-
eled kOH at the PKU site was higher than that at the YUFA
site. This indicated that the urban site (PKU) was influenced
by both local emissions and the regional background reflected
by the suburban site (YUFA). The OH reactivity from CO
was about 3–8 s−1 at both sites, contributing approximately
17%–27% of the total kOH. This was consistent with the level
of CO concentration and its relatively large RIRs.
[40] At the YUFA site, the VOC reactivity was mainly

dominated by isoprene and alkenes. However, under the
northerly wind conditions, aromatics contributed signifi-
cantly. Specifically, under the northerly wind/NOx‐sensitive
condition, alkenes had extremely high OH reactivity (about
5 s−1, or 60% of kTVOC). The high aromatic concentration at
the YUFA site was probably from urban vehicular emissions
in Beijing, while the high alkene concentration was likely
from a residual plume frompetrochemical industries according
to the source apportionment of the VOC species analyzed by a
receptor model [Song et al., 2007]. At the PKU site, all four
cases showed that the VOC reactivities of alkanes, alkenes,
aromatics, and isoprene were comparable. Compared to the
YUFA site, substantial increases of aromatics and alkanes
were observed, consistent with the large vehicular emissions
in urban areas. Besides HCHO, ALD2 also contributed sig-
nificantly to the total reactivity at both sites. In the box
model, contributions of HCHO and ALD2 to O3 production
were accounted for by AHC and NHC through the CBM4
mechanism.

5.2. O3 Isopleth Diagrams

[41] The relationship between instantaneous P(O3) and
NOx and kOH* was investigated by O3 isopleth‐style dia-
grams (Figure 10) by following the analysis of Kleinman et
al. [2005]. kOH* is calculated as the difference between the
model‐derived kOH and the term kOH+NO2 [NO2], which
represents the summed reactivity from measured CO and
VOCs and modeled OVOCs. Hence, instead of the exten-
sively discussed parameter kTVOC, kOH* will be used in this
section for better comparison with discussions by Kleinman
et al. [2005], where the x coordinates include the reactivity
of CO, NMHCs, and several estimated OVOCs. In Figure 10,
in the photochemical space constituted by NOx, kOH* , and P
(O3), the time series of the measured or modeled results are
given in a diagram depicting the P(O3)‐NOx‐VOC sensitivity
graphically. High P(O3) appears in a region where kOH* /NOx

is within the range [1, 10] at both sites. Compared with a
study of five cities in the United States [Kleinman et al.,
2005], the results in Beijing covered a narrower range of
VOC reactivity and NOx. At the YUFA site, NOx varied by

Figure 9. Variation and speciation of daytime average kOH
for four cases at (a) YUFA and (b) PKU. The black and red
circles in Figure 9a represent the measured and modeled day-
time average kOH values, respectively. The error bars of the
black circles denote the 2s uncertainties of the measurement
accuracy. ALKA, alkanes; ALKE, alkenes; ARO, aromatics;
ISO, isoprene; Nor‐NOx, the NOx‐sensitive case for the
northerly wind condition; Nor‐VOCs, the VOC‐sensitive
case for the northerly wind condition; Sou‐NOx, the NOx‐

sensitive case for the southerly wind condition; Sou‐VOCs,
the VOC‐sensitive case for the southerly wind condition.
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roughly two orders of magnitude (about 0.5–50 ppbv), while
kOH* showed much less variability (about 6–30 s−1). At the
PKU site, the variability in NOx and kOH* was small as well
(about 2–50 ppbv and 6–40 s−1, respectively). Of interest, as
shown in Figure 10b, very high P(O3) (>80 ppb/h) was found
here for Beijing and was reported by Kleinman et al. [2005]
for Houston, both of which correspond to similar chemical
regimes for kOH* (20–35 s−1) and NOx (5–20 ppb).
[42] The photochemical space constituted by NOx, kOH* ,

and LN/Q, where LN denotes the termination rate of the HOx

radical through reaction with odd nitrogen compounds, and
Q represents the sum of the HOx primary sources, was also
investigated (Figures 10c and 10d). The theoretical meaning
of using HOx termination rates or the ratio LN/Q for judging
P(O3) NOx‐VOC sensitivity has been discussed extensively
[Sillman et al., 1990; Kleinman et al., 1997, 2001; Kleinman,
2000, 2005; Sillman and He, 2002; Thornton et al., 2002].
According to this ratio as calculated by the present OBM
model, we found that P(O3) was primarily sensitive to NOx

when the ratio kOH* /NOx was high but was sensitive to VOC
when the ratio was low. At the YUFA site, more data points
with higher P(O3) were located in the VOC‐sensitive region,
while at the PKU site, the opposite occurred. This difference

was consistent with the corresponding ratio of kOH*/NOx,
which was also similar to the distribution of the O3 formation
regime for daily maximum O3 concentrations (Figure 7). As
discussed by Kleinman [2005], the transition between NOx‐

and VOC‐sensitive chemistries occurs at LN/Q = 1/2. If LN/Q
is larger than 1/2, the production of O3 is VOC‐limited;
otherwise it is NOx‐limited. In our case, the transition regime
corresponded to the interface between the green and yellow
areas in Figures 10c and 10d. Thus, at both the YUFA and
PKU sites, the samples were partially sensitive to NOx and
partially sensitive to VOCs. The high‐O3 subset at these two
sites also covered a relatively wide range of LN/Q values.

5.3. Diurnal Photochemical Development

[43] In a study of U.S. cities, the O3 production regime
was empirically found to transform from a morning VOC‐
sensitive chemistry to an afternoon NOx‐sensitive chemistry
during summer, and the transition regime typically occurred
around the time of peak O3 [North American Research
Strategy for Tropospheric Ozone, 2000]. In the present
study, significant diurnal changes in the O3 precursors were
observed. The averaged diurnal variations in the O3 produc-
tion regime characterized by LN/Q, RIRNO

* , and RIRAHC
* are

Figure 10. OBM‐calculated (top) P(O3) and (bottom) LN/Q (fraction of radicals removed by reaction
with NOx related to total radical production rates) for (left) YUFA and (right) PKU as a function of
kOH* (=kOH − kOH+NO2

[NO2]) and NOx concentration. Plots are in the style of an O3 isopleth diagram.
Data are ordered from low values of P(O3) and LN/Q to high values, so high‐P(O3) (or LN/Q) samples in
some cases are obscuring low‐P(O3) (or LN/Q) samples. Points with the same values of NOx and kOH*

can differ by having different values of Q (primary production rate of HOx radicals). Samples with high
P(O3) values at each site (top 20% of distribution) are indicated by outlined circles. Isolines of constant
kOH* /NOx are shown.
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presented in Figure 11 for the NOx‐sensitive and VOC‐sen-
sitive dates, respectively (classified by the daily integrated
RIRs; see Figure 6). Corresponding diurnal variations in O3

concentration, P(O3), kTVOC/NO, and NO concentration are
also shown for reference.
[44] According to the theoretical calculations for LN/Q

(section 5.2), RIRNO
* , RIRAHC

* (section 2.3), and the tran-
sition between NOx‐ and VOC‐sensitive chemistries can be
estimated by LN/Q = 1/2 or RIRNO

* = RIRAHC
* . The O3

production regime judged by the model‐calculated LN/Q
exhibited good agreement with the model‐calculated RIRNO

*

and RIRAHC
* (Figure 11). It was interesting to see that the

parameter derived from the HOx budget worked as well as the
parameters derived from a series of sensitivity model runs for
the diagnosis of the O3 production regime. At the YUFA site,
based on the assumption of RO2/HO2 = 1 and an estimate of
the rate coefficient of HO2 + RO2 as twice the rate coefficient
of HO2 + HO2, the termination rates of HOx −HOx (including
HO2 +HO2 andHO2 +RO2) and HOx −NOx (including OH+
NO2) could be calculated directly from the measured con-
centrations of OH, HO2, and NO2. Since the HOx budget
should be in photochemical equilibrium due to its short life-

Figure 11. Composite plot of mean diurnal variation in OBM‐calculated (a, b) LN/Q and (c, d) RIR* and
(e, f) measured O3, P(O3), and (e) P(O3) proxies k[HO2(obs)][NO] and (g, h) kTVOC/NO and NO for NOx‐

sensitive (cyan) and VOC‐sensitive conditions (red) at YUFA and PKU sites classified by the daily in-
tegrated RIRs. In Figures 11a and 11b, circles give the measurement‐derived LN/Q values by assuming
RO2/HO2 equal to 1, dotted lines give the measurement‐derived LN/Q values by assuming RO2/HO2

equal to 0.5 or 2, and solid lines give the modeled LN/Q values. In Figures 11c and 11d, dashed lines
give RIRAHC

* and dash‐dotted lines give RIRNO
* . In Figures 11e and 11f, circles give k[HO2(obs)]

[NO], solid lines give O3 concentration, and dashed lines give the modeled P(O3) rates. In Figures
11g and 11h, solid lines give the ratio kTVOC/NO and dashed lines give NO concentration.
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time, the parameter Q was set to be equal to the sum of the
termination rates of HOx − HOx and HOx − NOx, and the
parameter LN was defined as the termination rate of HOx −
NOx. We could therefore derive the parameter LN/Q from
direct measurement of HOx radicals. The measurement‐de-
rived LN/Q is shown by circles in Figure 11a. Two additional
calculations with RO2/HO2 set to 0.5 or 2 were performed to
estimate the sensitivity (Figure 11a, dotted lines) because the
assumption of RO2/HO2 = 1 was not a good approximation,
especially for the low‐NO regime [Mihelcic et al., 2003;
Volz‐Thomas et al., 2003]. The mean diurnal profiles of
measurement‐derived LN/Q values were not very sensitive to
the assumed ratio of RO2/HO2. Variations by a factor of 2
in the assumed RO2/HO2 ratio would only result in less
than 10% variation of the calculated LN/Q. Relatively good
agreement between the model‐ and measurement‐derived
LN/Q was reached. From this point of view, the model
simulated the diurnal pattern of the O3 production regime
relatively well.
[45] As diagnosed by LN/Q or RIRNO

* and RIRAHC
* , we

found that the transition to NOx‐sensitive conditions oc-
curred around noon at both the YUFA and PKU sites for the
NOx‐sensitive days. For the VOC‐sensitive days, the NOx‐

sensitive conditions appeared in the afternoon, which,
however, were transformed into VOC‐sensitive conditions
shortly afterward at the YUFA site; at the PKU site, the
whole day was controlled by the VOC‐sensitive chemistry
but with a transition trend to the NOx‐sensitive chemistry
from morning to afternoon hours. Both sites experienced
strong VOC‐limited chemistry during early‐morning hours.
As indicated by the mean diurnal profiles of O3 concentra-
tion, the appearance of the O3 maximum values did not
match the transition regime as expected. However, the time
difference in the appearance of the O3 maximum values
between NOx‐ and VOC‐sensitive days was similar to the
time difference in the appearance of the transition regime.
Indeed, the O3 maximum values on NOx‐sensitive days
appeared earlier than on VOC‐sensitive days. This behavior
indicated that the appearance time of the O3 maximum value
might also serve as an indicator of P(O3)‐NOx‐VOC sen-
sitivity. In addition, as expected, the maximum values of the
modeled P(O3) occurred prior to the measured maximum of
O3 concentration.
[46] Combining the diurnal profiles of P(O3) and the O3

production regime for NOx‐sensitive days, we see that the
integrated result show a NOx‐sensitive chemistry as char-
acterized by RIRs (section 5.1) due to more O3 production
occurring in the NOx‐limited regime. The opposite occurred
on VOC‐limited days. Thus, the uncertainty of the OBM‐

diagnosed daily integrated RIRs could be attributed to the
uncertainty in time variations of P(O3) and the O3 produc-
tion regime. For our case, the time variations of the O3

production regime were well simulated, while relatively
large uncertainties could exist for the diurnal variations of
P(O3). Comparisons of the modeled P(O3) and its proxies
at the YUFA site showed the calculated P(O3) peak
shifting to the larger kTVOC/NO regions relative to the term
k[HO2(obs)][NO] (Figure 5). We found that this shift
corresponded to a temporal shift in which the modeled
P(O3) peak appears later than the term k[HO2(obs)][NO].
As discussed in section 4, this shifted peak of P(O3) might
imply a potential bias that the OBM tends to predict VOC‐

sensitive chemistry by daily integrated RIRs. However, the
uncertainties of the daily integrated RIRs deriving from
the possible errors of the diagnosed P(O3) would be
smaller on VOC‐sensitive days. This is because on the
VOC‐sensitive days, VOC‐sensitive chemistry prevailed
for the entire day, and the uncertainty of the calculated
RIRs due to the diurnal variation of the modeled P(O3)
should be small. On NOx‐sensitive days, the morning‐to‐
afternoon evolution of the O3 production regime was sig-
nificant; hence the uncertainty of the calculated RIRs could
be considerable.
[47] Besides the diagnosed results, correspondingly large

differences in the kTVOC/NO diurnal profile between NOx‐

and VOC‐sensitive days also occurred at both sites, and the
variability seemed to be due mainly to diurnal variations in
the NO concentration (Figure 11d). According to the diurnal
patterns at the two sites, the ratio kTVOC/NO matched the
transition regime at about 4 s−1 ppb−1 or more, and the
corresponding NO concentrations were about 1 ppbv or less.
In addition, at the YUFA site, the afternoon NO con-
centrations that led to a high kTVOC/NO ratio were about
100–200 pptv on NOx‐sensitive days and 500 pptv on
VOC‐sensitive days. At the PKU site, the afternoon NO
concentrations were about 500 pptv on NOx‐sensitive days
and 1500 pptv on VOC‐sensitive days. On NOx‐sensitive
days, the level of NO at below parts per billion by volume
was sustained for one third to one half of the entire day-
time hours at both sites. Therefore it can be seen that high‐
precision and accurate measurements of NO concentration
are critical for correctly diagnosing the O3‐precursor re-
lationships [Cardelino andChameides, 2000]. Unfortunately,
routine environmental monitoring stations in Beijing and
elsewhere usually do not have the required precision.

6. Summary and Conclusions

[48] The comprehensive data set obtained in Beijing in
summer 2006 provides us with a good opportunity for
studying oxidant (O3 + NO2) production processes and
formation regimes in Beijing. In situ observations of actinic
flux, NOx, O3, VOCs, HONO, CO, OH, HO2, H2O2, HNO3,
and wind direction and velocity were used to diagnose the
P(O3)‐NOx‐VOC sensitivity. The daytime photochemical
conditions were characterized by medium or low NOx

concentration and medium j(O1D) values combined with
relatively high VOC reactivity and CO, O3, and HONO
concentrations. The urban site PKU consistently exhibited
greater concentrations of all the O3 precursors and a
greater VOC reactivity than the suburban site YUFA.
[49] Influenced by the Asian monsoon and the valley

winds condition, the southerly and northerly directions were
the dominant wind directions. In both wind directions,
modeled P(O3), which was consistent with the LIF mea-
surements of HO2 and kOH, was much greater than the
accumulation rate of the measured O3 + NO2 concentration.
The high HONO concentration that was not supported by
the current gas‐phase mechanism was found to be a major
cause for the high calculated P(O3).
[50] The oxidant formation regimes were diagnosed by

OBM‐derived daily integrated RIR values, instantaneous
RIR* values, and the parameter LN/Q. The daily integrated
RIRs provide useful information for making reduction pol-
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icies that target the attainment of 8 h at the air quality
standard of O3. The variation in RIRs demonstrated that
both NOx‐sensitive and VOC‐sensitive chemistry existed
frequently at the two sites. However, at the PKU site, high‐
O3 days were mostly characterized by a NOx‐sensitive
condition. The variations in the O3‐sensitive chemistry were
relatively well explained by the ratio of the average daytime
kTVOC and NO, with the transition chemistry corresponding
to a kTVOC/NO value of 2–4 s−1 ppb−1. Results deduced
from RIRs were tested by the afternoon average H2O2/
HNO3 derived from measurements. Relatively poor agree-
ment was found between these two methods because the
measured H2O2 was strongly influenced by factors other
than the termination processes of HO2. The important VOC
groups for O3 production were found to be alkenes, isoprene,
and aldehydes for the YUFA site and alkenes, isoprene,
aromatics, alkanes, and aldehydes for the PKU site. CO was
also found to contribute a significant amount to OH reactivity
at the two sites.
[51] The dependence of P(O3) on O3 precursors was fur-

ther diagnosed by comparing to the OBM‐derived para-
meters LN/Q and RIR*. In chemical coordinates of NOx and
VOC reactivity, all the samples were found to be partially
sensitive to NOx and partially sensitive to VOCs for both
sites, which was also the case for the high‐P(O3) samples.
Over themean diurnal profiles, pronounced diurnal variations
in the O3 production regime were found. In the morning,
conditions were always strongly VOC‐limited, while in the
afternoon, conditions were variable for different days and
different sites.
[52] The kTVOC/NO dependence and the diurnal variations

of the modeled P(O3) (or its proxy k[HO2(mod)][NO]) and
the model‐derived LN/Q for diagnosing the O3 formation
regime were compared to the corresponding values calcu-
lated from direct HOx measurements by LIF. This compar-
ison showed that the model might have a tendency to
overpredict conditions of VOC‐sensitive chemistry. How-
ever, since the chemical coupling between RO2 and HO2 is
complicated [Thornton et al., 2002], the tendency described
above is not well understood because RO2 radical mea-
surements were not available.
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