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Abstract. North China Plain (NCP) is one of the most
densely populated regions in China and has experienced
enormous economic growth in the past decades. Its regional
trace gas pollution has also become one of the top environ-
mental concerns in China. Measurements of surface trace
gases, including O3, NOx, SO2 and CO were carried out
within the HaChi (Haze in China) project at Wuqing Me-
teorology Station, located between 2 mega-cities (Beijing
and Tianjin) in the NCP, from 9 July 2009 to 21 January
2010. Detailed statistical analyses were made in order to pro-
vide information on the levels of the measured air pollutants
and their characteristics. Gaseous air pollutant concentra-
tions were also studied together with meteorological data and
satellite data to help us better understand the causes of the
observed variations in the trace gases during the field cam-
paign. In comparison to measurements from other rural and
background stations in the NCP, relatively high concentra-
tions were detected in Wuqing, presumably due to regional
mixing and transport of pollutants. Local meteorology had
deterministic impacts on air pollution levels, which have to
be accounted for when evaluating other effects on pollutant
concentrations. Trace gas concentrations showed strong de-
pendence on wind, providing information on regional pollu-
tion characteristics. O3 mixing ratio also showed clear de-
pendencies on temperature and relative humidity.
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1 Introduction

Economic reforms since 1978 have brought rapid develop-
ments for China. With them came increased emissions of
air pollutants, environmental problems and health concerns,
caused by industries, power plants, vehicles and other needs
for combustion of fuel (Kan and Chen, 2004; Hao and Wang,
2005; Shao et al., 2006).

Carbon monoxide (CO), nitrogen oxides (NOx) and sul-
phur dioxide (SO2) are all trace gases in the atmosphere
and primary pollutants emitted from anthropogenic activi-
ties (Kato and Akimoto, 1994; Streets and Waldhoff, 2000).
Emitted mainly by combustion sources and having relatively
longer atmospheric lifetime, CO is also an ideal tracer for
anthropogenic pollution, facilitating the interpretation of the
concentrations of other pollutants (Parrish et al., 1993, 1998;
Wang et al., 1996, 1997; Jaffe et al., 1997). NOx, however,
has a very short lifetime and is mainly emitted through fos-
sil fuel burning. Additionally, CO and NOx are precursors
of ozone (O3), which is the most important secondary pol-
lutant in the atmosphere (Jenkin et al., 2000). O3 is a major
component of photochemical smog, and can be hazardous to
vegetation, materials and human health (PORG, 1997). SO2
is also an important trace gas. Its oxidation can lead to acid
deposition and also contributes to the formation of sulphate
aerosols (Meagher et al., 1978; Saxena and Seigneur, 1987),
which in turn will have impacts on the solar radiation and
photochemistry (Dickerson et al., 1997). SO2 levels are typ-
ically very high, especially in North China, where domestic
heating during winter largely relies on coal combustion.
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Mega-cities in China commonly suffer from severe air pol-
lution (Ran et al., 2009; Liu et al., 2009). Neighbouring re-
gions, especially downwind regions, are typically enveloped
by regional pollution. One of the most severely polluted ar-
eas in the world is the North China Plain (NCP) region (van
Donkelaar et al., 2010), in which there are two of the most
heavily populated mega-cities in China, Beijing and Tian-
jin. Concerns were raised during preparation for the 2008
Summer Olympic Games in Beijing and numerous studies
have been done since then (e.g., Xu et al., 2005; Ding et
al., 2008; Lin et al., 2008, 2009; Wang et al., 2009). It was
found that, since winter 2007, there were improvements in
the overall combustion efficiency (Wang et al., 2010). Chan
et al. (2008) reported decreasing trends for the concentra-
tions of SO2 (from 120 µg m−3 to 50 µg m−3) and CO (from
3.3 mg m−3 to 2.0 mg m−3) in Beijing for the period of 1998
to 2005, while NO2 emissions did not vary. Nevertheless,
pollution events still often occurred in urban and surround-
ing areas. For example, a maximum 1-h O3 mixing ratio of
286 ppbv was reported in a mountainous area north of Bei-
jing and attributed to a polluted plume from urban Beijing
(Wang et al., 2006). Such pollution episodes are commonly
caused by both the emissions of primary pollutants and the
accompanied weather conditions.

Regional and local scale meteorology influences pollution
in different ways. Large scale weather patterns determine at-
mospheric stability, large scale circulations, temperature ad-
vection, humidity and cloud formation, which all have great
impacts on the mixing scale of various pollutants and the for-
mation of secondary air pollutants. Recent research reveals
that synoptic pressure patterns and their evolution are the
main causes of regional air pollution processes in the NCP
(Chen et al., 2008). High pressure and successive low pres-
sure systems were associated with the formation of air pol-
lution, and pressure systems with strong gradients led to de-
creases of the Air Pollution Index (API). Modelling studies
also confirmed that summertime high pressure systems can
turn the East China Plains into a “basin” of ozone pollution
(Zhao et al., 2009). Since emissions are almost constant dur-
ing a given season, it is the meteorological pattern that deter-
mines whether heavy pollution can form on a regional scale.
Local meteorological parameters are not always consistent
with those on a larger scale, but they also have substantial
influence on air pollution. In fact, there are several local me-
teorological factors that can affect both regional and local
concentrations of pollutants. Wind speed can alter the dis-
persion state of the atmosphere (Prosmitis et al., 2003; Ulas
et al., 2006; Jones et al., 2010), while wind directions pro-
vide information on the transport of pollutants (Lin et al.,
2008). In regard to chemical reactions and transformations,
temperature, solar radiation and humidity conditions are the
most crucial factors (Korsog and Wolff, 1991; Greene et al.,
1999). However, no clear linear relationships could be found
between meteorological parameters (i.e., wind speed, ultra-
violet radiation, or temperature) and the concentration of pol-

lutants (Liu et al., 1994). Moreover, vertical distribution of
pollutants can be modified by local circulations (Chen et al.,
2009). Thus, it becomes highly necessary for setting up air
quality management strategies, to know the relationships be-
tween meteorological factors and trace gases concentrations.

In recent years, in-situ measurements of atmospheric trace
gas pollutants in the NCP were mostly made at rural sites
(Gao et al., 2005; Lin et al., 2008, 2009; Wang et al., 2006,
2008) or in central Beijing (Tang et al., 2009). Few obser-
vations were made in between the city clusters. The interac-
tions between the metropolitan areas are still unknown. For
this study, we set up an observation site at a suburban site in
between Beijing and Tianjin, designed to acquire more infor-
mation on regional transport of pollutants between the two
mega-cities by analysing the relationship between meteoro-
logical parameters (i.e. wind speed, wind direction, tempera-
ture, humidity, etc.) and local pollutant concentrations.

2 Data and methodology

2.1 Site

The measurements were done at the Wuqing Meteorological
Station (39◦22′58.8′′ N 117◦1′1.2′′ E, 7.4 m a.s.l.). Wuqing
is a suburban district, situated in between Beijing and Tian-
jin, the two heavily populated megacity centres (about 80 km
to Beijing and 30 km to Tianjin) and surrounded by Hebei
Province, as shown in Fig. 1. The Wuqing Meteorologi-
cal Station is located east of large areas of farm fields, west
of groups of small factories and northwest of the centre of
Wuqing district, Tianjin. Further down to the southeast of
Wuqing is the industrial zone of Tianjin, called Tianjin Bin-
hai Industrial Area, and the city of Beijing is to the north-
western side. Traffic flow near the site is on a very low level,
compared to the centres of metropolitans, and there are no
large emission sources in the surrounding areas nearby. Un-
like rural sites that are situated to the north of Beijing, such
as Shangdianzi (SDZ) GAW station or Miyun Observation
Site, Wuqing lies inside the polluted region, but is relatively
clean, compared to the neighbouring mega-cities. Thus all
the above mentioned criteria make Wuqing highly represen-
tative of the overall pollution level of the polluted NCP re-
gion and a favourable spot for observing transport of air pol-
lutants.

2.2 Trace gas measurements

A set of commercial trace gas instruments (Thermo Envi-
ronmental Instruments Inc., USA C-series) has been used to
continuously monitor various trace gases. Surface O3 was
measured with a UV photometric analyser (TE 49C), CO
with a gas filter correlation analyser (TE 48C), NOx with
a chemiluminescence analyser (TE 42CTL) and SO2 with a
pulsed UV fluorescence analyser (TE 43CTL), from 9 July
2009 to 21 January 2010. All the instruments were housed in
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Fig. 1. Location of the campaign site (Wuqing Meteorology Sta-
tion).

an air-conditioned container, with a relatively constant tem-
perature. For CO, zero checks are automatically executed ev-
ery 6 h; for the other primary gases, multipoint calibrations
and daily zero/span checks were performed according to US-
EPA recommendations on quality assurance and quality con-
trol, using a dynamic gas calibrator (TE 146C) in combina-
tion with a zero air supplier (TE111) and a set of standard
reference gas mixtures (National Institute of Metrology, Bei-
jing, China). The O3 analyser was calibrated respectively in
the beginning and at the end of the observation, using an O3
calibrator (TE 49CPS). Results suggest that the linear drift
during the observation period was less than 0.5 % and could
be ignored.

Measured ambient concentrations were recorded as 1-min
average mixing ratios by volume (ppbv). When analysing the
statistical variability, diurnal cycle of trace gases and temper-
ature/relative humidity(RH) dependency of ozone, 1-h aver-
aged data were used; while for the calculations of trace gas
wind dependency, 1-h moving averaged gas concentrations
were employed to equalizing the sampling frequency.

2.3 Determination of trace gas exceedance and High
Pollution Days (HPD)

To evaluate the overall pollution level at Wuqing, an ex-
ceedance standard was set up as the average trace gas level
plus one standard deviation. For O3, the exceedance level
was calculated using only the data before the 1 October 2009,
while for the primary gas pollutants, only the data after that
date were used in the determination of the exceedance stan-
dard. Calculated exceedance standards for CO, NO, NO2,
NOx, SO2 and O3 were respectively 3878, 80, 52, 43, 128
and 68 ppbv. The hours with 1-h averaged measurements
exceeding the defined standard were defined as exceedance
hours, when total daily exceedance hours reached over 3 h,
the day was determined as a High Pollution Day (HPD)
in respect to the exceeding trace gas. Monthly exceedance

hour frequency is obtained by dividing the monthly total ex-
ceedance hours by the number of hours with valid measure-
ments. Similarly HPD frequency is the ratio of monthly to-
tal HPDs to the number of days with valid measurements.
Monthly Mean Exceedance Amount (MEA) was calculated
as:

MEA=
1

hExceedance

∑
(mExceedance−mStandard), (1)

Where mExeedanceis the measured 1-h mean mixing ratio
within a certain month that exceeded the above defined stan-
dard (mStandard), andhExceedanceis the monthly total number
of exceedance hours.

2.4 Meteorological data

Meteorological variables were obtained by an Automatic
Weather Station installed at the Wuqing Meteorological Sta-
tion. Wind parameters are observed at 10 m height, while
temperature, pressure and moisture information are collected
at 1.5 m height. The moving averages of wind speed and
wind direction were calculated over a span of 2 h, since fluc-
tuations in wind directions are less representative of trans-
ports from those directions. Average wind speed is calcu-
lated both using arithmetic and vector mean methods. The
arithmetic mean wind speed WSa is greater than the vector
mean WSv. The more consistent the wind direction, the more
WSv tends towards WSa. Thus when analysing the wind de-
pendency of various pollutants, only the data with relatively
continuous wind directions will be considered, using a cri-
terion of WSv/WSa> 0.95. 2-h moving averaged wind data
were used for the wind frequency rose, without taking into
account the continuity of wind directions. Wind directions
in this work are referred to as the directions the winds are
coming from. NCEP FNL (Final) Operational Global Anal-
ysis data from 9 July 2009 to 21 January 2010 were used to
supplement the analysis of regional weather patterns.

2.5 Evaluation of trace gas wind dependency

To determine the effect of wind speed and wind direction on
various trace gas concentrations, two methods have been ap-
plied. In the first method, wind speed and wind direction are
divided into bins of 0.5 m s−1

× 10◦. Trace gas concentra-
tions (60-min moving averaged) are sorted into those bins,
with the aid of simultaneous meteorological data. Samples
in each bin were averaged and plotted on wind dependence
maps, to display the overall variations of trace gas levels in
different wind directions and with varying wind speeds. To
avoid the influence of seasonal variations, wind dependence
maps are separately drawn for different seasons.

The above method still only provides information on the
average variation. Data in each bin may show large variabil-
ity, due to other factors that also influence the pollutant con-
centrations. To be able to quantify the degree of influence, a
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second method is applied. Similar to the above, 60-min mov-
ing averaged gas pollutant concentrations were first divided
according to seasons into 3 parts, respectively representing
summer (15 July–31 August 2009), fall (1 September–30
November 2009) and winter (1 December 2009–21 January
2010). Then for each season, the 25th and 75th percentiles
of the given gas species were calculated. Trace gas concen-
trations below the 25th percentile value are defined as “rel-
atively clean” and concentrations above the 75th percentile
value as “relatively polluted”. According to different wind
speed and direction, data are ordered into bins, this time with
a resolution of 1 m s−1

× 45◦. In each bin two frequencies are
calculated as follows:

f75 (Gas, Season, WS, WD)

=
n([Gas]iSeason, iWS, iWD> 75 percentile[Gas]iSeason)

n([Gas]iSeason, iWS, iWD)
(2)

f25(Gas, Season, WS, WD)

=
n([Gas]iSeason, iWS, iWD < 25 percentile[Gas]iSeason)

n([Gas]iSeason, iWS, iWD)
, (3)

where iSeason=summer, fall, winter; iWS= 0–1, 1–2,. . . ,
12–13 m s−1; iWD = S, SW, W, NW, N, NE, E, SE;
n(condition) is the number of data samples fulfilling the
conditions given in the parentheses. Calculations were per-
formed for CO, SO2, NOx, O3.

f75 reflects the ratio of data in a given bin that exceeds
the overall 75th percentile gas concentration in a certain sea-
son, representing a probability of occurrence of the “rela-
tively polluted” state under a particular wind direction and
wind speed. Similarly,f25 can be interpreted as the proba-
bility of the “relatively clean” state to occur under given wind
direction and wind speed.

To quantify how much each wind direction contributes to
the concentration level of various trace gases, it is inaccu-
rate to simply subtract the average concentrations of all the
bins by a background concentration, due to large standard
deviations on both sides. But with the result of the second
method, we can determine by how much a certain wind di-
rection and wind speed increases the occurrence probabil-
ity of the “relatively polluted” state. As it will be shown in
Sect. 3.5.1, winds from the north show the lowest frequency
of polluted conditions, thus is determined as a background.
The frequency increment (or probability increment) of the
“relatively polluted” state is calculated as:

1f75= f75(iGas, iSeason, iWS, iWD)

−f75(iGas, iSeason, iWS,N), (4)

representing how much a certain wind direction and wind
speed increases or decreases the occurrence frequency of pol-
luted conditions.

2.6 Satellite data

Four satellite datasets were used provide a view of the re-
gional distribution of pollutants in the NCP region. Mea-
surements of Pollution in the Troposphere (MOPITT),
Ozone Measuring Instrument (OMI) and Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) are instruments
mounted on NASA’s EOS Terra spacecraft. The MODIS in-
strument is also operating on NASA’s EOS Aqua Spacecraft.
MOPITT is designed to measure global distributions of car-
bon monoxide (CO) in the troposphere, providing data once
a day. Horizontal resolutions can reach up to 22km, vertical
resolution up to 3 km. Level 2 Version 4 CO surface mixing
ratio data of 1 March 2009 to 28 February 2010 were aver-
aged into 0.25◦ × 0.25◦ grids in this study. From OMI, NO2
and SO2 columns can be retrieved, with nadir view point
reaching the resolution of 13× 24 km. The OMI instrument
has several cross-track anomalies, which were ruled out for
both datasets. Level 2 OMI NO2 tropospheric column of the
period mentioned above was interpolated and averaged into
0.25◦ × 0.25◦ grids. Due to reduced OMI sensitivity to SO2
in the Planetary Boundary Layer (PBL), Level 2 OMI SO2
PBL column amount product can be used only under optimal
viewing conditions, which require radiative cloud fraction
<0.2, solar zenith angle<40◦ and near-nadir viewing an-
gles (OMSO2Readme file). After accounting for those con-
ditions, only data from summertime 2009 were left to be in-
terpolated and averaged into 0.5◦

× 0.5◦ grids. Aerosol Opti-
cal Depth (AOD) at 550 nm with best quality data is obtained
from MODIS Aerosol product [MOD04 and MYD04 (http://
modis-atmos.gsfc.nasa.gov/MOD04L2/index.html)]. AOD
is interpolated into 0.1◦ × 0.1◦ grids and data over the Bohai
Sea were excluded due to poor data quality over offshore sea
areas (Li et al., 2003).

3 Results and discussion

3.1 Meteorology overview

Wuqing is situated in the northern part of the NCP region.
In the summer season, the West Pacific Subtropical High
(WPSH) pushes northward, often merging with the conti-
nental high in the NCP region (Fig. 2). Near surface, at
the 1000 hPa pressure level, the region is controlled by the
southerly wind to the west of the high-pressure system. Judg-
ing from the average wind flow, marine air travels through
Shandong and Hebei Province before arriving in Wuqing.
The centre of the WPSH tilts with height to the South, thus
with increasing altitude, wind direction gradually turns to
South-West, West and finally North-West.

In fall, the WPSH retreats to the south, while a cold high
pressure system is forming in the northern inland. Near sur-
face level, Wuqing is to the east of the high-pressure centre;
at higher elevations, Wuqing is situated behind the ridge and
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Fig. 2. Average Geopotential Height Field (white lines) and Wind Field (black vectors) for 1000 hPa, 850 hPa and 700 hPa (indicated
respectively bya, b, c) for summer (9 July 2009–31 August 2009), fall (1 September 2009–30 November 2009) and winter (1 December
2009–21 January 2009) (numbered as 1, 2, 3) from NCEP FNL (Final) Operational Global Analysis data. The magenta star marks the
location of the observation site.

ahead of the trough, and thus the dominant wind direction in
the NCP region turns with altitude from NNW to WNW.

In winter, the continental cold high-pressure system be-
comes stronger, and the WPSH is pushed further to the south
onto the ocean; wind field is similar to that in fall, but the en-
hanced high-pressure system resulted in higher average wind
speeds in the NCP region.

For the whole measurement period, the lowest surface
pressure was accompanied by the highest surface temper-
ature, which occurred in July, with a monthly mean of
1002.3 hPa and 299.5 K; while the highest monthly mean
surface pressure, 1028.7 hPa, was observed along with the
lowest mean surface temperature, 265.1 K, in January. The
monthly mean RH ranged from 59 % to 77 %, with a maxi-
mum value in August and a minimum in January.

Figure 3 shows wind roses for summer, fall and winter. For
each wind rose, the frequency of wind direction is given re-
spectively for 4 wind speed ranges: 0–3 m s−1, 3–6 m s−1, 6–
9 m s−1, >9 m s−1, using the wind speed and direction data
at 10 m height. In summer, SW wind dominates, especially
for wind speeds between 3–6 m s−1; generally wind speed is

low; occasional NW and SE wind may occur, but mostly with
wind speed under 3 m s−1. SW wind still frequently occurs
in fall when the wind speed is below 3 m s−1. Stronger winds
mostly come from NNW, also now and then from the ENE
direction. In winter, NNW winds with wind speed between
3–9 m s−1 are dominant. Wind speeds above 9 m s−1 also
occur under NNW directions, which are consistent with the
synoptic wind field. Wind speeds below 3 m s−1 have rela-
tively higher frequencies under W to NW and NE directions,
but may also be of SW and SE directions from time to time.

3.2 Distributions of pollutants in the NCP

The NCP is a complex polluted region, consisting mainly
of 2 mega-cities (Beijing and Tianjin) and Hebei Province,
which encircles the two metropolitan areas. Though various
pollutants show high values in the NCP region, they are re-
gionally differently distributed. Figure 4a shows the annual
(1 March 2009 to 1 March 2010) average 550 nm AOD distri-
bution obtained from MODIS MOD04 and MYD04 dataset.
Contour lines of considerably higher AOD values are closed
around densely populated inner city areas of Beijing, Tianjin,
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lution: 0.5◦ × 0.5◦); (d) NO2 Tropospheric Column Amount (OMI L2, resolution: 0.25◦

× 0.25◦) in NCP region.

Shijiazhuang, etc., suggesting severe anthropogenic aerosol
pollution. Wuqing is situated between the high AOD centres
of Beijing (0.80) and Tianjin (0.94), with a mean AOD of
0.65, representing a suburban background state in the NCP
region.

Carbon monoxide surface mixing ratio derived by MO-
PITT (Fig. 4b) reveals more severe CO pollution in the south-
ern part of the NCP region. A clear high centre of CO to
the ENE direction of Wuqing, where Tangshan is located,
was also clearly noted. Interestingly, the belt from Beijing to
Tianjin shows relatively lower CO concentrations, implying
that traffic is not a major source to atmospheric CO over the
NCP region.

Mean SO2 PBL column amount distribution from OMI
mainly reflects summertime conditions, due to data filter-
ing. As displayed in Fig. 4c, regional high concentrations
are found to the east of Wuqing and two other high centres
are respectively in the SW (Handan) and S (Northeast Jinan)
direction. Column amounts in Beijing and Wuqing are at the
regional background pollution level.

NO2 is short-lived, and therefore its tropospheric column
provides insight into the emission sources. Although trans-
portation plays only a secondary role in the emission of
NOx in China (Zhang et al., 2009), Hao and Wang (2005)
pointed out that in Beijing, 74 % of ground NOx originates
from vehicular emissions, while power plants and industrial
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Fig. 5. 1-h average and 24-hour moving average NO, NO2, O3, Ox, CO, SO2 mixing ratio time series.

processes only contribute 15 %. The NO2 distribution, as
shown in Fig. 4d, reveals strong local pollution in Beijing,
Tianjin, Shijiazhuang and Handan; while Tianjin, which is
closer to our site, seems to suffer more severe NO2 pollu-
tion than Beijing. Though Wuqing itself does not experience
heavy traffic flows, it is surrounded by severe regional NO2
pollution, leading to locally higher concentrations, despite
relatively low local emissions.

3.3 Variability of O 3, NOx, CO and SO2

24-h moving average time series and 1-h data of NO, NO2,
O3, Ox, CO and SO2 mixing ratios are shown in Fig. 5. In
general, NOx (NO + NO2), CO and SO2 concentration lev-
els are lower during summer than in fall and winter, while
for O3, concentrations are highest during summer, due to
seasonal variations of photochemical O3 formation related
to UV radiation, temperature, etc. There are several rea-
sons behind such seasonal variations. First of all, the mixing
layer height is generally lower in winter than that in summer.
The shallower mixing layer is the principal contributor to the
higher concentrations of primary emitted gaseous pollutants
in winter. Secondly, domestic heating starts in the NCP re-
gion in November and ends in March. During this period,
more combustion of coal leads to higher emissions of SO2,
NOx and CO. Thirdly, photochemistry is most active during
summer, accelerating the transformation of primary gaseous
pollutants, whereas in winter, weaker photochemical reac-
tions cannot remove the gases as quick as in the warmer sea-
sons from the atmosphere. Another cause might be the mete-
orological pattern in winter, which often favours of accumu-
lation of pollutants. As was shown in Fig. 2, the NCP region
is often dominated by a cold high pressure system with low

surface wind speeds, sometimes also accompanied by sur-
face temperature inversion. Those conditions are favourable
for the formation of haze or fog, and usually lead to high
levels of NOx, CO and SO2 due to weak diffusion. Hazy
days appear frequently in the NCP region during winter sea-
son. Only when Wuqing is behind a trough and Siberian air
moves southward accompanied by high wind speed, do re-
gional pollutants get diluted or advected away.

A statistical analysis on the trace gas measurements and
observations from other sites is summarized in Table 1.
Mean daytime CO mixing ratio at Wuqing in JA (July
and August) is 1.1 ppmv (1100 ppbv), which is 500 ppbv
higher than the daytime mean CO level at Miyun (40◦29′ N,
116◦46.45′ E, 152 m a.s.l.) in JJA 2006 (Wang et al., 2008).
The all-day mean CO, 1.2 ppmv, is respectively 800 and
400 ppbv higher than the CO level at Mt. Tai (36◦15′ N,
117◦06′ E, 1534 m a.s.l) in JA 2003 (Gao et al., 2005) and
SDZ (40◦39′ N, 117◦07′ E, 293.9 m a.s.l.) in JA 2006 (Meng
et al., 2009). In DJ (December and January), mean CO can
reach 2.4± 2.1 ppmv, while monthly mean CO at SDZ dur-
ing May 2005 to December 2006 did not exceed 900 ppbv.
Seasonal mean SO2 concentrations in Wuqing range from
5.7± 6.3 (JA) to 28.5± 6.3 ppbv (DJ), while monthly mean
SO2 at SDZ during 2003–2006 vary between 0.1–15.2 ppbv.
NOx ranges from 20.4± 12.2 ppbv in JA to 80.8± 65.5 ppbv
in DJ, NO2 from 17.9± 8.5 to 35.1± 18.2 ppbv. 2004–
2006 July–January monthly mean NO2 at SDZ ranges from
5.2 ppbv in July to 19.2 ppbv in December (Lin et al., 2008).
In contrast, Mt. Cimone, Italy station reported a mean NOx
of 1.15± 0.8 ppbv for June 2000 (Fisher et al., 2003), which
represents a continental background NOx level of Europe. It
can be concluded that primary gas pollutant concentrations at
our site are much higher than those reported from clean rural
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Table 1. Mean trace gas levels for different seasons and different time of day (using hourly averaged data) and comparisons with literature
data.

Gases Location Time All-day Daytime (11:00–17:00) Night time (23:00–5:00)

Mean Std Max Mean Std Max Mean Std Max

CO (ppmv) Wuqing JA(2009) 1.2 0.6 4.3 1.1 0.5 3.7 1.3 0.7 4.3
Wuqing SON(2009) 1.5 1.4 8.9 1.3 1.4 8.2 1.5 1.3 7.8
Wuqing DJ(2009–2010) 2.4 2.1 9.4 1.8 1.8 8.7 2.5 2.2 9.4
Miyun JJA (2006)a – – – 0.6 – – – – –
Mt. Tai All-day mean(2003): JA: 0.42 ppbv, ON: 0.36 ppbvb

SDZ
JA (2006)b ∼ 0.7 – – – – – – – –
Annual (2006)b 0.74 0.56 3.9 – – – – – –

SO2 (ppbv) Wuqing JA 5.7 6.3 66.1 5.7 5.6 28.3 5.9 6.9 64.4
Wuqing SON 15.7 15.4 137.7 18.6 20.0 137.7 13.7 12.6 76.5
Wuqing DJ 28.5 22.8 114.2 30.3 26.7 112.4 26.0 21.3 114.2

SDZ Aug(2003)-Dec(2006) monthly mean: 0.1–15.2 ppbvc

NO2 (ppbv) Wuqing JA 17.9 8.5 59.7 12.2 4.9 29.7 21.4 9.6 59.7
Wuqing SON 30.1 15.8 95.1 25.5 17.9 95.1 30.0 12.4 63.2
Wuqing DJ 35.1 18.2 90.4 30.9 20.0 89.2 35.3 16.2 71.6

SDZ 2004–2006 July–January monthly mean: 5.2–19.2 ppbvd

NOx (ppbv) Wuqing JA 20.4 12.2 113.5 13.3 5.6 36.9 23.4 13.0 96.4
Wuqing SON 49.5 43.0 274.4 33.7 31.1 194.0 48.7 38.1 224.6
Wuqing DJ 80.8 65.5 268.5 50.6 40.1 195.0 85.2 67.9 252.7

O3 (ppbv) Wuqing JA 45.2 32.5 194.0 64.1 28.3 194.0 23.9 17.3 76.8
Wuqing SON 16.1 17.6 87.7 33.5 21.1 87.7 7.6 8.5 45.6
Wuqing DJ 10.1 9.4 39.3 15.6 10.2 39.3 8.0 8.4 30.2
Miyun JA (2006)a – – – 50.0 – – – – –

SDZ All-day mean (2004-2006): JA: 32.3 ppbv, SON: 27.5 ppbv, DJ: 19.0 ppbvd

a Wang et al. (2008),b Gao et al. (2005),c Meng et al. (2009),d Lin et al. (2008).

or background areas. Nevertheless, their concentrations are
mostly on a moderate level during summertime, but due to
seasonal variations in solar radiation and temperatures, the
reverse is true for O3. O3 concentrations are the highest in
JA and the lowest in DJ. Mean summertime ozone concen-
trations are 45.2± 32.5 ppbv, while mean wintertime O3 falls
to 10.1± 9.4 ppbv. For the Miyun site, an average daytime
O3 of 50 ppbv during JA 2006 was reported (Wang et al.,
2008), while the mean O3 level at the SDZ GAW station was
found to be 32 ppbv, 28 ppbv, and 19 ppbv for JA, SON, and
DJ (2004–2006), respectively (Lin et al., 2008). Compared
with the ozone level at Wuqing (45, 16, 10 ppbv respectively
for JA/SON/DJ), those two sites show lower concentrations
during summer, but at SDZ, O3 is higher during fall and win-
ter. A plausible reason is that during low O3 productivity
seasons, ozone in Wuqing is consumed more by primary gas
pollutants than in SDZ.

Maximum values of CO, SO2, NO2 and NOx show that
pollution episodes in summer could result in surface concen-
trations higher than 4 ppmv, 66 ppbv, 59 ppbv, and 96 ppbv,

respectively, which are all above exceedance standards (see
Sect. 2.3). All maximum values of the primary pollutants
were observed during the night, mostly due to PBL pro-
cesses and weak chemical consumption during night time.
O3, as a secondary gaseous pollutant, is only produced dur-
ing daytime under sufficient UV radiation; hence maximum
values were normally observed during daytime, reaching up
to 194 ppbv. Mean daytime O3 concentrations in summer are
64 ppbv, while for night time, O3 is consumed by NOx, and
mean mixing ratio is reduced to ca. 24 ppbv, but a maximum
night time O3 of 77 ppbv was also observed, which indicates
that considerable portion of O3, produced in extremely se-
vere episodes, could not even be consumed during night time.
Photochemistry is still very active in early fall, with decreas-
ing temperature and UV radiation flux, photochemistry grad-
ually weakens. During wintertime, surface O3 mixing ratio
never exceeded 39.3 ppbv, while the mean daytime O3 con-
centration was around 15.6 ppbv.

Overall, Wuqing is in the regionally polluted NCP re-
gion, gaseous pollution levels are much higher than those at
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Table 2. Monthly exceedance hour frequency, High Pollution Day (HPD) frequency and Mean Exceeded Amount (MEA) of CO, NO, NO2
and O3 (calculation method given in Sect. 2.3).

Month Exceedance Hour/HPD Frequency (%) MEA(ppbv)

CO NO NO2 O3 SO2 CO NO NO2 O3 SO2

Jul 0.4/0 0/0 0/0 30.7/87.0 0/0 83.0 0 0 19.7 0.0
Aug 0.6/0 0/0 0.5/0 19.0/54.8 0.4/0 274.6 0 5.9 20.5 18.7
Sep 0.4/0 0.4/0 3.2/10.0 5.9/30 0.3/0 858.7 7.6 5.8 6.4 1.5
Oct 7.1/12.9 4.4/16.1 9.4/16.1 1.5/3.2 1.8/6.5 1381.2 24.7 7.4 5.6 13.2
Nov 13.8/23.3 12.0/36.7 18.0/36.7 0/0 15.6/40 1295.0 34.3 10.1 0 9.3
Dec 18.8/38.7 23.9/61.3 17.4/35.5 0/0 21.4/51.6 1132.5 41.4 10.6 0 15.7
Jan 28.5/47.6 18.9/42.9 19.7/38.1 0/0 26.2/52.4 1716.4 25.0 7.0 0 18.3

clean background stations. But from satellite observations,
Wuqing is relatively clean compared to city centres. The
measurement results are representative of the average pol-
lution level in the NCP region.

To evaluate the severity of different gas pollutions, ex-
ceedance hour and HPD frequency of the different gas
species have been calculated for each month, along with the
MEA (Table 2, method given in Sect. 2.3). In summer, O3
is the major gaseous pollutant, with 87 % of the days and
30.7 % of the total hours exceeding the standards in July.
In October, ozone episodes still appeared, but with signif-
icantly shorter exceedance frequency and MEA. NO2 and
NOx pollution episodes gradually gained in frequency and
intensity from July to January. During November–January,
HPDs of NO2 take up more than a third of the days; with
the longest exceedance time in January (19.7 %) and largest
mean exceeded amount in December (10.6 ppbv). NO ex-
ceedances generally are more frequent and stronger than
NO2 exceedances during November–January, with the high-
est frequency (61.3 % of all days and 23.9 % of total hours)
and largest MEA (41.4 ppbv) in December. Only October-
January experienced CO and SO2 HPDs, with HPD occur-
rence frequencies ranging from 12.9 to 47.6 % and from
6.5 to 52.4, respectively, with MEAs ranging from 1.4 to
1.7 ppmv and from 9.3 to 18.3, respectively. Main gaseous
pollutants are O3 in summer and NO2 during winter, which is
similar to the pollution characteristics of Beijing (Chan and
Yao, 2008).

3.4 Diurnal variations of trace gases and wind speed

Figure 6 shows the diurnal variations of CO, SO2, NO,
NO2, NOx, O3 mixing ratio and wind speed during summer
(15 July 2009–31 August 2009), fall (1 September 2009–30
November 2009) and winter (1 December 2009–21 January
2010).

CO shows a morning peak at 09:00 a.m. and an evening
peak at 09:00 p.m., low during daytime and high during
night-time. The traffic in Wuqing is relatively sparse, es-
pecially during nighttime, thus CO emissions from vehicle
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exhaust mostly occur during daytime. In fall and winter, do-
mestic heating could result in higher CO emissions during
night-time. Aside from the variation in emissions, this di-
urnal pattern is high probably caused by the diurnal varia-
tion of the PBL height and wind speed. Zhang et al. (2006)
used sounding measurements of a suburban site of Beijing
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to determine the PBL height in autumn. Results show that
in autumn, the PBL height starts increasing after 07:00 a.m.,
reaching a maximum around 02:00–03:00 p.m. and starts to
decrease afterwards until 09:00 p.m. It can be assumed that
in a vast plain region, the boundary layer characteristics are
similar. The evening peak of CO is weaker during summer,
because the collapse of the boundary layer might be later in
time compared with fall and winter. In summer, wind speed
decreases after 06:00 p.m. and reaches its lowest value after
midnight, whereas in fall and winter, a low has been reached
already at 08:00 and 07:00 p.m. (Fig. 6g1–g3), favouring the
accumulation of gases.

SO2 shows a slightly different pattern from that of CO.
With the rise of the boundary layer, SO2 gains in concen-
tration reaching a peak at 09:00–11:00 a.m., then decreases
until 05:00 p.m. A weak late evening peak can be seen be-
tween 09:00–12:00 p.m., which is more significant in winter
than in summer. The same phenomenon has been observed
at the SDZ GAW station and at Gucheng, a rural site south-
west of Beijing (Lin et al., 2008, 2009), with a peak around
noon. The increase of SO2 concentration with the develop-
ment of the boundary layer suggests that the upper air may
contain higher concentrations of SO2 than the near surface
layer. Stronger turbulence will cause stronger vertical mix-
ing, thus leading to increased mixing ratios. Lin et al. (2008)
pointed out that possible sources could be tall chimneys of
factories and power plants.

Diurnal variations of NOx concentrations are under the
strong influence of its emission characteristics, but it seems
to be affected by boundary layer processes as well. The diur-
nal variation pattern of NOx resembles to that of CO, with
enhanced morning (08:00 a.m.) and evening (07:00 p.m.)
peaks, due to the combined effect of daytime traffic emis-
sions and PBL variations. As mentioned before, local traffic
is relatively sparse, thus rush hour peaks are unpronounced.
Apart from the above mentioned factors, NO, NO2 diurnal
changes are also determined by photochemistry, particularly
in summer. In summer NO is rapidly converted to NO2,
showing only a weak morning peak; while in winter, NO
dominates because its oxidization is slow and incomplete,
thus the evening peak was observed more clearly. NO2, how-
ever, shows a stronger evening peak in all seasons. The pat-
tern is almost the same, with slightly higher concentrations
in winter.

On average, O3 peaks were observed at 02:00–04:00 p.m.
in all seasons. In seasons with weak photochemistry, diur-
nal patterns are flat, with only weak enhancements during
daytime. Late afternoon peaks (around 05:00 p.m.) are of-
ten accompanied by south-westerly winds. Median ampli-
tudes of O3 in summer, fall and winter were respectively 83,
34 and 19 ppbv with peaking time being 04:00, 03:00 and
02:00 p.m. In cooler seasons, O3 peaks could be the result
of regional mixing or transport, which may also occur during
night-time.

3.5 Influence of meteorology on reactive gases

3.5.1 Dependence of gas pollutant concentrations
on wind

Figure 7 shows the wind speed and wind direction depen-
dence map of reactive gas concentrations for summer, fall
and winter. The shaded contours indicate the trace gas con-
centrations for varying wind speeds (radial distance) and
wind directions (radial direction). The dashed black line
stands for the relative mean gas concentrations of each wind
direction, while the solid black line is the relative frequency
of all wind directions.

As mentioned before, the prevailing surface wind direc-
tion is SW in summer for Wuqing; wind speeds are typically
rather low. CO (Fig. 7a1–a3) is a relatively well mixed trace
gas. In Wuqing, average concentrations below 1 ppmv could
only be detected in the N-W sector and under southerly wind
directions, when wind speed exceeded 4 m s−1. In the SW
and NE directions, CO concentrations were high under low
wind speeds (<2 m s−1), but decreased when wind increased
to 3–4 m s−1. For wind speeds higher than 4 m s−1, CO con-
centrations rose again, which suggests that under persistent
slow SW or NE wind, CO was being transported from re-
gions lying in those directions and increased in Wuqing due
to the addition of local to regional sources. With rising wind
speed, the local dilution of pollutants became more effective,
while the transport might also stem from locations further
away. As the wind speed further increased, trace gas con-
centrations should have been decreasing, thus the increase
instead indicated sources of CO situated in those directions.
Relating to the average distribution of MOPITT CO, it is
highly possible that the NE source is Tangshan and the SW
source is the strong regional CO pollution of Hebei. In fall,
NW and E wind became more frequent, wind speeds were
generally higher. CO mixing ratios were the highest under
NE to SE directions. Relatively high concentrations were
also detected in the SW section. However, except for the
ENE sector, CO concentrations decreased with increasing
wind speed in all directions. The ENE sector provided ev-
idence for the transport of CO (probably from Tangshan to
Wuqing). Dominant wind directions shifted to NW in winter
season. Winds with high speed often came from this very di-
rection, accompanied by low concentrations of CO, whereas
under slow winds, concentrations were generally high. It
suggests that CO was better mixed in winter than it was in
summer, and low wind speeds caused by synoptic condi-
tions could easily lead to local accumulation of CO, while
the highest CO mixing ratios in winter were found in the NE
sector.

From local CO measurements, regional CO characteristics
could be detected. CO concentrations under winds from the
SW and NE directions represent the CO pollution character-
istics of the NCP region, while with wind from the NW local
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Fig. 7. Wind Dependency map of CO(a), SO2 (b), NOx (c), O3 (d) and Ox (e) mixing ratio for summer (1), fall (2) and winter (3). Wind
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CO mixing ratio was more representative of a regional back-
ground concentration.

As discussed in Sect. 3.2, SO2 distributions vary with
season, mainly due to domestic heating and slow chemi-
cal transformations in winter (Lin et al., 2011). In sum-
mer (Fig. 7b1), SO2 mixing ratios were generally low. Rel-
atively higher SO2 concentrations came with local surface
winds from SW-SE, which conforms well with the average
summertime distribution of OMI SO2 PBL column. While
the S-SE sector showed trends of increasing SO2 mixing ra-
tio with wind speed, the SW sector followed the increase-
decrease-increase pattern with increasing wind speeds; the
decrease was found at 4 m s−1. In fall (Fig. 7b2), SO2 was
more evenly distributed among the wind directions; the NW
sector showed the lowest and the SW sector the highest con-
centrations. In winter (Fig. 7b3), SO2 concentrations were
the highest under NE wind directions; winds from the south
also displayed SO2 mixing ratios between 30 and 50 ppbv,
while the NW and W wind mostly brought down fresh non-
SO2-polluted air. Local SO2 concentrations in Wuqing are
representative of the regional SO2 standards and also display
the seasonal variation in its source locations.

For trace gases with short lifetimes, such as NOx, it can
be assumed that in-situ measured trace gas mainly stems

from local emissions, while the contribution of sources in
the surrounding regions is weak. Under such an assump-
tion, concentrations should show a simple decreasing trend
with increasing wind speed to a background level. Such a
relationship between NOx and wind speed was observed as
well as modelled in earlier studies (Aldrin and Haff, 2005;
Carslaw et al., 2006). In this study, relatively high NOx val-
ues (Fig. 7c1–c3) in Wuqing were confined to wind speed
below 2 m s−1. Since NOx levels are dominated by local
sources and reactions, its concentration is readily diluted
and concentrations generally decreased with increasing wind
speed, with a mean background value around 10 ppbv. In the
SE sector, relatively high NOx values persisted throughout
all wind speeds, showing a decreasing trend after reaching
a peak at 1 m s−1. This indicates not only the existence of
adjacent emission sources, which is most likely the vehicle
exhaust in the centre of Wuqing district, but also transport
from farther away sources, such as the Tianjin Municipality.
OMI NO2 tropospheric column confirms the fact by showing
a large area of elevated NO2 columns SE to Wuqing. The
SW sector also revealed NOx at a significantly higher level,
especially when accompanied by mild winds. Various fac-
tors could have contributed to such a result. Since there are
no obvious high concentrations of NO2 visible on the OMI
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NO2 distribution in the SW direction of Wuqing, the most
probable factor would be the synoptic condition associated
with mild south-westerly wind, which is favourable for the
accumulation of pollutants.

As shown in the wind dependency maps (Fig. 7d1–d3),
for all wind directions, O3 concentrations were generally low
under slow winds, because high NO accumulation consumed
O3 through chemical reactions. In summer and fall, high O3
was found under W-S wind directions. Summertime mea-
surements conducted by Ran et al. (2011) show high iso-
prene concentrations, also accompanied by winds from the
W-S sector, which may be the reason for the high O3 forma-
tion and transport. In winter, O3 production becomes very
weak and local NOx pollution is severe, which consumes lo-
cal O3, when fresh NW air is transported to Wuqing under
fairly high wind speed, O3 concentrations rose up to back-
ground levels in winter.

The “potential ozone” Ox (O3 + NO2) is used as an esti-
mate of the total atmospheric oxidant (Lin et al., 2008). In
summer (Fig. 7e1), Ox was highest in the SW sector under
high wind speeds. For the E-SE-S sector, Ox increases with
rising wind speed, but decreases again after reaching a peak
at 3.5 m s−1, which suggests that high wind speed can dilute
both primary pollutants and secondary formed ones. In fall
(Fig. 7e2), Ox was high when low winds from the SE direc-
tion dominated, which was mainly caused by local NOx ac-
cumulation (see Fig. 7c2). High Ox were also detected under
high winds from the SW direction, which is in favour of O3
production and transport. In winter (Fig. 7e3), Ox generally
decreased with increasing wind speed. High concentrations
were found under low winds from the SW and NE direction,
while the lowest concentrations were observed when strong
winds came from E.

3.5.2 Dependence of pollution frequency on wind

To avoid the large standard deviation in calculating the av-
erage gas concentration under given wind directions and
wind speeds, the occurrence frequency of gas concentrations
reaching above the 75th percentile (f75) or below the 25th
percentile (f25) is utilized to respectively evaluate the oc-
currence probability of the “relatively polluted” state or the
“relatively clean” state (see Sect. 2.5 for detailed descrip-
tion). Figure 8 reveals howf75 andf25 of different species
vary with wind direction and wind speed, respectively for JA,
SON and DJ.

For primary gaseous pollutants,f75 generally decreases
with increasing wind speed, whilef25 increases with ris-
ing wind speed. This is a simple consequence of lower
pollution levels being associated with greater mixing and
dilution at higher wind speeds. A rise in the frequency
of CO pollution incidents can be clearly seen in the NE
and E directions,f75(CO) shows an increase after 3 m s−1

and 5 m s−1, respectively, whilef25(CO) simultaneously de-
creases. Summertimef25(SO2) is very low and displays

no significant variations with either wind direction or wind
speed, whilef75(SO2) is evidently higher under E-SE-S-SW
winds and shows either increasing trends with wind speed (E-
SE) or very weak decreasing trends(S-SW). In fall and win-
ter,f25(SO2) gains significantly with increasing wind speed
under NW-N winds, whilef75(SO2) is similar to that of sum-
mertime. Results for NOx are very consistent with those of
CO; only the increasing/decreasing rate off25/f75 is higher.
In the S-SW sector,f25(NOx) stays low with increasing wind
speed, indicating that this sector is seldom NOx clear.

Compared with the primary pollutants,f25 and f75 of
O3 show reversed trends with wind speed. Typically, a de-
creasing trend off25(O3) can be noted with increasing wind
speed, especially during fall and winter, while forf75(O3)

the opposite is true. However, there are exceptions under cer-
tain wind directions. In summer, onlyf75(O3) in the S-SW
directions increases with wind speed, while in other direc-
tions, occurrence frequency of “relatively polluted” states re-
main at very low levels.f25(O3), however, only increased
slowly with easterly wind, in other directions, the occur-
rence frequency of ozone polluted states decreases with wind
speed. The reason that high ozone days appear frequently
under S-SW winds has already been stated in the previous
section. For N-NW winds, the frequency of O3 concentra-
tion falling between the 25th and 75th percentiles increases
with wind speed, indicating that higher wind speeds are more
likely to transport air with background O3 concentrations to
Wuqing. In fall and winter, the only exception is seen in the
E sector, wheref75(O3) first increases then decreases with
rising wind speed. The decrease inf75(O3) might be caused
by elevated NOx concentrations (or decreasedf25(NOx)) in
the E sector.

Altogether, results are very consistent with those from the
wind dependency map (Fig. 7). To summarize and quantify
the effect of pollutant emission sources distributed in differ-
ent wind directions on local trace gas concentrations, a back-
groundf75 is subtracted from those lying in each wind di-
rection under various wind speeds. Through comparison and
analyses, such a background value was determined as thef75
values observed under northerly winds. Therefore, thef75
values under wind direction N are subtracted from thef75
values corresponding to all other directions (see Eq. (4) in
Sect. 2.5), to obtain the frequency increment1f . It should
be noted that, under very low wind speeds (<2 m s−1), the
outcome may be influenced by local sources of pollutants.

The wind speed and wind direction distributions of the fre-
quency increment1f are given in Table 3. As can be seen in
the table, sources affecting the frequency of local CO pollu-
tion incidents possibly lie in the SW and NE sectors, increas-
ing local CO pollution occurrence probability in summer by
up to 44 % and 37 %, respectively. In winter, contributions
are not as obvious. The occurrence probability of SO2 pol-
lution is obviously increased by E-SE-S-SW winds. Under
the E wind direction,1f75(SO2) first increases with wind
speed, then decreases at ca. 5 m s−1 (summer and fall) then
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increases again to a maximum value. Especially in summer,
high E-SE wind can elevate occurrence frequencies of SO2
pollution by up to 82 %. S-SW wind also has remarkable
impacts at 2–4 m s−1. For NOx, calm winds from nearly
all wind directions can decreasef75(NOx), but for higher
wind speeds, the effect of easterly winds is more pronounced,
with 1f75(NOx) reaching 51 %. For summertime O3, S-SW
winds contribute the most (max. 76 %) to increasing the fre-
quency of O3 pollution events, the higher the wind speed, the
greater the frequency increment. In fall and winter, O3 con-
centrations drop to a very low level, due to weakened pho-
tochemistry and consumption by high NO concentrations.
Thus f75(O3) does not represent the frequency of O3 pol-
lution, but rather the frequency of O3 being at background
level (unconsumed by NO). Hence, in the N sector, where
f75(NOx) is very low,f75(O3) display high values. This is
the reason that1f75(O3) in fall and winter are often nega-
tive. With E winds,1f75(O3) have very high negative val-
ues, due to severe O3 depletion by NO. It can be noted that,
1f75(O3) does not show significant variations with different
wind directions when wind speeds were low, which is proba-
bly due to the nonlinear relationship of ozone to its precursor
gases.

3.5.3 Dependence of ozone on temperature and relative
humidity

Atmospheric temperature is the average kinetic energy of
molecules in the air; it directly affects the frequency of colli-
sion between molecules, on which chemical reactions rely. It
also has direct impact on the mechanism pathway of O3 (e.g.,
H-abstraction versus OH addition, Atkinson, 1990) genera-
tion and strong correlation with stagnant, sunny (high UV
radiation) atmospheric conditions (Jacob et al., 1993). In-
directly, temperature may influence the decomposition rate
of PAN and the emission of VOCs, which further compli-
cates the relationship between temperature and O3. Such
a relationship has been studied for various locations; gen-
erally, the relationship of daily O3 concentration to tem-
perature is nonlinear, O3 concentrations appear to show no
dependence on temperature below 294–300 K, but they be-
come strongly dependent on temperature above 305 K (NRC,
1991). Other studies suggest that O3 increases approximately
linearly with temperature, with a slope in the range of 2–
8 ppb K−1 (Steiner et al., 2010).

Figure 9 shows observed daily maximum O3 values in re-
lation with daily maximum temperatures. The figure also
marks the exceedance standard for O3 (horizontal red dashed
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Table 3. Wind Speed (WS) and Wind Direction (WD) distribution of frequency increment1f . Calculation methods are given in Sect. 2.5.

Trace Wind 1f75 (%)

Gas (m s−1) Summer (15 Jul–31 Aug 2009) Fall (1 Sep–30 Nov 2009) Winter (1 Dec 2009–21 Jan 2010)

S SW W NW NE E SE S SW W NW NE E SE S SW W NW NE E SE

CO

0–1 −8.1 −3.0 −7.1 −18.8 1.8 −1.0 3.6 −17.7 −6.6 −10.3 −17.7 −0.9 −7.7 −12.5 −22.0 −15.5 −14.2 −10.3 −2.6 −6.6 −16.4
1−2 4.4 21.6 −0.1 −8.5 18.6 18.7 3.1 −10.7 9.3 −6.5 −7.2 11.2 2.9 −12.5 −11.6 −4.1 −6.4 −3.4 10.7 0.0 −11.9
2−3 12.5 44.0 17.3 5.0 18.6 34.2 54.0 0.7 25.3 10.9 1.7 12.9 15.3 25.0 −3.4 4.0 0.4 −3.7 4.8 1.6 −2.4
3–4 3.4 22.1 0.0 0.4 13.8 29.1 40.6 0.3 2.6 0.0 0.0 8.7 11.2 18.8 0.0 1.1 0.0 0.0 2.1 0.4 0.0
4–5 0.0 15.5 0.0 0.0 36.6 10.3 0.0 0.0 0.0 0.0 0.0 19.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5–6 – 0.0 – 0.0 – 11.6 – – 0.0 – 0.0 – 0.0 – – 0.0 – 0.0 – 0.0 –
6–7 – – – 0.0 – 26.1 – – – – 0.0 – 0.0 – – – – 0.0 – 0.0 –

SO2

0–1 10.7 12.9 9.1 −4.7 5.3 −0.2 4.3 0.3 2.1 2.2 −7.9 2.9 −2.5 −3.1 −2.2 −4.8 −5.2 −4.9 0.1 3.8 −2.0
1–2 31.4 35.7 27.2 9.0 16.6 13.5 6.9 2.3 12.2 5.4 −1.3 13.3 −1.2 −4.2 −4.6 0.6 −5.0 −5.9 7.5 −0.5 −5.7
2–3 37.2 43.5 40.4 14.7 10.4 34.5 44.7 12.8 31.1 25.3 7.8 9.0 23.9 29.3 1.6 3.3 5.7 −3.3 5.1 −1.7 4.0
3–4 43.9 37.8 −1.0 6.0 3.7 49.3 59.3 26.2 21.8 5.1 0.8 9.4 22.4 18.3 1.1 2.5 0.0 0.0 8.5 0.0 0.0
4–5 26.0 39.5 −22.8 −11.2 2.7 62.7 48.0 2.2 11.3 0.0 0.2 1.2 17.4 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0
5–6 – −1.3 – −7.4 – 20.7 – – 0.0 – 0.0 – 7.4 – – 0.0 – 0.0 – 7.4 –
6–7 – – – −13.1 – 81.9 – – – – 0.0 – 39.4 – – – – 0.0 – 15.8 –

NOx

0–1 −5.6 5.4 0.1 −4.6 −0.8 −9.3 −8.3 −18.4 −9.3 −3.9 −14.3 −0.1 −9.7 −9.5 −12.9 −4.7 0.0 −6.1 −2.0 0.5 −4.1
1–2 8.9 26.4 18.7 15.6 10.9 4.4 14.4 −4.9 8.2 11.8 6.5 12.4 −1.0 1.3 0.8 6.8 6.2 11.3 11.0 7.6 3.2
2–3 9.0 40.5 43.1 28.3 5.4 24.8 50.9 −0.1 11.3 11.9 1.9 −3.1 1.2 21.9 0.6 1.9 2.5 0.6 0.0 0.5 2.2
3–4 28.5 21.6 16.0 21.8 6.7 25.2 50.6 1.7 1.6 0.8 0.4 0.0 0.0 9.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4–5 0.0 10.7 8.8 12.7 0.0 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5–6 – 0.0 – 2.9 – 7.4 – – 0.0 – 0.0 – 0.0 – – 0.0 – 0.0 – 0.0 –
6–7 – – – 1.0 – 29.7 – – – – 0.0 – 0.0 – – – – 0.0 – 0.0 –

O3

0–1 −0.6 −0.1 1.0 2.1 0.8 1.3 3.8 5.6 0.3 3.0 −0.7 1.3 0.5 3.6 1.7 −3.2 −1.3 −2.8 −3.1 −5.5 −0.9
1–2 5.0 4.1 0.6 7.5 4.4 0.2 7.3 5.6 −5.3 −6.6 −5.3 −7.0 −4.3 1.5 10.1 −5.3 −9.5 −6.4 −4.2 −6.2 −1.6
2–3 10.8 13.8 8.3 5.5 3.3 7.7 7.1 23.7 7.6 −7.2 −8.1 −10.5 1.3 −9.5 16.8 −2.4 −12.3 −11.9 −15.5 −3.5 −21.5
3–4 32.9 42.7 8.3 −0.2 6.8 5.2 −0.2 21.7 23.1 27.0 −28.0 −9.6 −15.3 −25.6 0.3 2.9 13.7 −32.6 −3.8 −33.1 −48.8
4–5 75.9 45.8 0.0 0.0 4.5 3.0 0.0 58.1 44.6 55.0 −18.7 32.5 −20.0 30.2 19.5 14.9 19.5 −24.0 7.3 −49.7 −1.7
5–6 – 56.3 – 0.0 – 0.0 – – 44.9 – −23.2 – −42.1 – – 18.0 – −9.8 – −55.8 –
6–7 – – – 0.0 – 0.0 – – – – −12.4 – −63.3 – – – – 4.3 – −81.4 –
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Fig. 9. Dependence of daily maximum ozone concentrations on
daily maximum temperature and current RH (RH at the occurrence
time of the ozone peak). Round dots stand for summer time data,
triangles for fall data and squares for winter data; colours show cur-
rent relative humidity. The horizontal red dashed line stands for the
O3 exceedance standard defined in Sect. 2.3; the vertical red dashed
line, stands for the temperature cut-off, under which there has been
no ozone exceedance detected; the magenta dashed line shows a re-
gression between daily maximum temperature and daily maximum
ozone above the temperature cut off.

line) and the temperature value (vertical red dashed line),
below which O3 never exceeded given standards. It can
be noted that, for atmospheric temperatures greater than
294 K, O3 concentrations increased almost linearly with tem-
perature, with a slope of 7 ppb K−1, but when atmospheric
temperatures sank under 294 K, ozone concentrations kept
below the exceedance level. For temperatures lower than
289∼291 K, O3 concentrations were not dependent on tem-
perature, but on other meteorological parameters. It should
be noted that the observed correlation between daily maxi-
mum O3 and temperature cannot be attributed solely to tem-
perature dependence of chemical reaction rates because daily
maximum temperature is highly dependent on the intensity
of solar radiation, which the major driver of photochemical
O3 production.

In summer, high RH and low RH both were accompa-
nied by relatively lower daily maximum O3 mixing ratios,
while RH between 40 % and 60 % often appeared with high
O3 mixing ratios. A reasonable explanation would be that
high RH is often associated with cloudy and rainy days in
summer, thus weak UV radiation might reduce ozone pro-
ductivity; while low RH in summer are mostly associated
with northerly wind from the inland, bringing down fresh
less polluted air with low ozone precursor concentrations.
It is also evident that, in winter, maximum O3 concentra-
tions were higher under low relative humidity, which may
have two reasons. Firstly, low relative humidity often oc-
curs when the NCP region was controlled by a high pressure
ridge, mostly resulting in clear days with strong radiation,
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thus promoting some photochemical reactions. Secondly,
the above mentioned weather system was mostly accompa-
nied by NW winds, which brought down fresh air with low
precursor gas concentrations, thus the produced O3 was not
depleted by high local NO concentrations. Also, high pres-
sure systems with downdrafts may bring down ozone rich air
from the upper level.

4 Conclusions

Measurements of surface trace gases at Wuqing from the pe-
riod 9 July 2009–21 January 2010 and ancillary data were
used to study the characteristics of pollution in the North
China Plain and the impact of meteorology on local trace gas
concentrations.

Annual mean distributions of trace gases and AOD re-
veal the currently highly polluted state of the NCP. Wuqing
in comparison to the neighbouring mega-cities (Beijing and
Tianjin) is relatively clean. The lack of significant local emis-
sion sources and the location of Wuqing determine that the
site is highly representative of the regional pollution state.

Mixing ratios of gaseous pollutants were on a significantly
higher level than rural stations to the north of Beijing city
centre (Miyun, Wang et al., 2008; SDZ, Gao et al., 2005;
Meng et al., 2009; Lin et al., 2008]. Mean daytime O3
varied between 64.1 (JA) and 15.6 (DJ) ppbv. CO, SO2,
NO2, NOx, however, showed reversed seasonality, with the
lowest values in JA, respectively being 1.2 ppmv, 5.7 ppbv,
17.9 ppbv and 20.4 ppbv, and the highest values in DJ, reach-
ing 2.4 ppmv, 28.5 ppbv, 35.1 ppbv and 80.8 ppbv, respec-
tively. Major gaseous pollutants at Wuqing are O3 in summer
and NOx in winter.

Mean diurnal patterns of primary gaseous pollutants are
high probably determined by boundary layer processes (vari-
ations of mixing height, vertical turbulence and horizontal
wind velocity) and emission characteristics, showing morn-
ing and evening peaks. For NOx, it is primarily the result
of rush hour emissions in combination with photochemistry;
while for CO, it is more a boundary layer effect. SO2 showed
an early noon peak and an insignificant evening peak, proba-
bly caused by emission sources outside the nocturnal bound-
ary layer. Further research on the vertical profile of SO2 or its
vertical flux is required. Secondary gas pollutant, O3, peaked
between 02:00 to 04:00 p.m. on average.

Wind speed and wind direction showed deterministic im-
pacts on trace gas pollution levels, providing information on
regional pollution characteristics. Generally, high concen-
trations of relatively long-lived gaseous pollutants came with
wind directions from SW-SE and NE with very high frequen-
cies. Short-lived gases, such as NOx, mainly displayed high
concentrations under calm winds, but also suggested trans-
port form the SE. O3 showed low concentrations under calm
winds, which were accompanied by high NOx. High concen-
trations of O3 were found under high wind speed, in wind

conditions with low levels of NOx. The S-SW directions
especially showed high concentrations of O3 and high oc-
currence frequency of O3 pollution during summer, proba-
bly due to the high isoprene concentrations associated with
those wind directions. No transport of plumes from Beijing
to Wuqing was detected, since air associated with NW winds
were mostly clean, especially under large wind speeds.

Temperature is another meteorological factor that influ-
ences O3 concentrations. For atmospheric temperatures
higher than 294 K, the O3 concentration increased linearly
with temperature and frequently exceeded the defined stan-
dard, particularly at temperatures over 300 K; for air tem-
peratures lower than 294 K, the O3 concentration showed no
correlation with temperature and no O3 exceedance was ob-
served. For temperatures beneath 289∼291 K, O3 concentra-
tions depended on other meteorological parameters instead
of the temperature. This temperature limit is 9 K lower than
that proposed by the NRC (1991).

Overall, this study provides important information on the
pollution state and the characteristics of various gas pollu-
tants. CO and SO2 are closely related to aerosol pollution,
O3 influences the aging of atmospheric aerosols and SO2 lev-
els may have great impacts on aerosol hygroscopicity, optical
properties and CCN activations.
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