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Abstract

This study investigated the air pollution characteristics of synoptic-scale circulation in
the Beijing megacity, and provided holistic evaluation of the impacts of circulation pat-
terns on air quality during the 2008 Beijing Summer Olympics. Nine weather circulation
types (CTs) were objectively identified over the North China region during 2000-2009,
using obliquely rotated T-mode principal component analysis (PCA). The resulting CTs
were examined in relation to the local meteorology, regional transport pathways, and
air quality parameters, respectively. The FLEXPART-WRF model was used to calcu-
late 48-h backward plume trajectories for each CT. Nine CTs were characterized, with
distinct local meteorology and air mass origins. CT 1 (high to the west with a strong
pressure gradient) was characterized by a northwestern origin, with the smallest local
and southeasterly air mass sources, and CT 6 (high to the northwest) had air mass
sources mostly from the north and east. In contrast, CTs 5, 8, and 9 (unique, high to
the east, and low to the northwest, respectively) were characterized by southern and
southeastern trajectories, which indicated a greater influence of high pollutant emis-
sion sources. In turn, poor air quality in Beijing (high loadings of PM,,, BC, SO,
NO,, O3, AOD, and low visibility) was associated with these CTs. Good air quality in
Beijing was associated with CTs 1 and 6. The average visibilities (with £1 o) in Bei-
jing for CTs 1 and 6 during 2000—2009 were 18.5 +£ 8.3km and 14.3 + 8.5 km, respec-
tively. In contrast, poor visibility values of 6.0 £ 3.5km, 6.6 + 3.7 km, and 6.7 + 3.6 km
were found in CTs 5, 8, and 9, respectively. The mean concentrations of PM,, for
CTs 1, 6, 5, 8, and 9 during 2005-2009 were 90.3 + 76.3 ug m=>,111.7+89.6 Mg m~3,
173.4+£105.8pgm™>, 158.4£90.0ugm >, and 151.2 + 93.1 pgm~3, respectively.
Analysis of the relationship between circulation pattern and air quality during the
emission control period suggests that CTs are the primary drivers of day-to-day vari-
ations in pollutant concentrations over Beijing and its vicinity. During the Olympics
period, the frequency of CT 6 was twice that of the mean in August from 2000 to 2009.
This CT had northerly transport pathways and favorable meteorological conditions
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(e.g. frequent precipitation) for clean air during the Olympics. Assuming that relation-
ships between CTs and air quality parameters in the same season (month) were con-
stant in different years, the relative contributions of synoptic circulation to decreases
in PM,,, BC, SO,, NO,, CO, AOD, and horizontal light extinction during the Olympics
were estimated as 19+14%, 18+ 13%, 41+ 36%, 12+7 %, 19+ 11%, 25+ 28 %,
and 50 % 46 %, respectively.

1 Introduction

Air pollution has become a major environmental problem in China as a consequence
of industrialization and urbanization during years of rapid economic growth (Chan and
Yao, 2008; Fang et al., 2009). Poor air quality can have adverse effects on human
health, and air pollution levels greatly exceeding health-based standards have been
frequently recorded in many major cities in China (J. Zhang et al., 2010), arousing
much public concern. In particular, the urban air pollution in the North China Plain is
much more serious than that in other areas (Chan and Yao, 2008). Policy makers in
China now face the challenge of dealing with air pollution as a side effect of megacity
urbanization. Accurate prediction and effective mitigation of air pollutant distributions
are of vital importance.

Beijing, the capital of China, has experienced serious air pollution over the past 30 yr,
characterized by historically high loadings of particulate matter and sulfur dioxide and
recent increasing concentrations of ozone and nitrogen oxide (Chan and Yao, 2008).
As the host of the 29th Summer Olympic Games, Beijing drew much attention for its
air quality problems. To ensure good air quality during the Olympics and Paralympics,
the Chinese government implemented a series of drastic measures to reduce air pol-
lutant emissions in Beijing and the surrounding areas from 20 July to 20 September
2008 (M. Wang et al., 2009; S. Wang et al., 2010). Evaluation of the potential effects
of these unprecedented control measures on air quality in and around Beijing provides
valuable information for furthering both scientific understanding and future policy. Many
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studies documented a significant reduction in airborne pollutants on the basis of sur-
face and satellite observations during the Olympics (Witte et al., 2009; Mijling, 2009;
M. Wang et al., 2009; S. Wang et al., 2010; T. Wang et al., 2010). A few studies at-
tempted to investigate the role of meteorology and anthropogenic emission restriction
in the air quality improvement during the Olympics. Y. Wang et al. (2009) attributed
55 % of the ozone decrease at a Beijing rural site (Miyun site) during the Olympics
compared to the same period in 2006—2007 to meteorology. Q. H. Zhang et al. (2010)
suggested that the decrease in relative humidity (RH) during the Olympics compared to
the same period in the previous 5 yr contributed 24 % to atmospheric visibility improve-
ments. Using a coupled meteorology-chemistry model, Gao et al. (2011) concluded
that meteorological conditions were as important as emission controls in reducing
aerosol concentrations during the Olympics period. The advantageous weather condi-
tions (e.g. prolonged rainfall and decreased temperature) were important for explaining
the decreased pollutants during the Olympics, as described by Zhang et al. (2009)
and T. Wang et al. (2010). However, the dependence of the control effect on synop-
tic weather patterns has not yet been studied using a circulation-to-environment ap-
proach (Yarnal, 1993). The effects of emission control measures must be evaluated
under different meteorological conditions so that the relative contribution of reduced
anthropogenic emissions to improved air quality can be calculated more accurately.
While urban air quality can vary in response to changes in pollutant emission and
weather conditions, the emission of air pollutants also depends on meteorological con-
ditions in some cases. For example, the energy consumption in cities would increase
under heat wave conditions. However, the relationship between emission and weather
conditions is not as important as the atmospheric dispersion, transport, and removal of
pollutants. Understanding the relationship between air pollutant concentrations and the
prevailing circulation at both synoptic and local scales is vital for air pollution forecasts.
Synoptic weather types can be identified by two approaches: air-mass and
circulation-based classifications. The air-mass-based approach determines weather
types from local values of meteorological variables (e.g. temperature, humidity, and
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wind speed). The circulation-based approach determines the circulation types (CTs)
from sea level pressure (SLP), geopotential height, or wind fields defined for each time
interval of the analysis on a regular grid (Huth et al., 2008). Because the meteorological
variables that affect air quality are often closely interrelated and strongly modulated by
the synoptic-scale circulation (e.g. the phases of cyclonic systems and anticyclones),
the circulation-based classification approach is more suitable for determining synoptic
weather types. Accordingly, the synoptic climatology method has been widely used to
evaluate daily air quality variations (Kalkstein and Corrigan, 1986; Comrie and Yarnal,
1992; McGregor and Bamzelis, 1995; Shahgedanova et al., 1998). The synoptic ap-
proach to air pollution has the advantage of allowing consideration of many interrelated
meteorological variables within an integrated framework (Jiang et al., 2005).

To evaluate the relationship between weather and air quality, we need ways to define
different weather patterns. Circulation classification has become popular in climate and
environmental study, particularly in mid- and high latitude regions where local weather
conditions are dominantly driven by the day-to-day synoptic circulation variability (Ja-
cobeit, 2010; Huth et al., 2008). However, few studies have addressed weather clas-
sification in Asia, particularly in China (Huth et al., 2008). Cheng et al. (2001) found
that high ozone levels were associated with anticylonic synoptic types and a tropical
low pressure system moving northward closer to Taiwan. More recent studies (Chen
et al., 2008; Wei et al., 2011) showed that the evolution and different sections of an
anticylonic system play an important role in controlling air quality. These studies of the
dependence of air quality on the synoptic weather situation have been performed on
a case-by-case basis over short periods, using subjective methods. A more general
analysis method is needed to understand the impact of weather systems on local air
quality.

Here an objective weather-typing approach was used to provide new insights into
circulation patterns associated with air pollution over 10yr. The impact of synoptic cir-
culation on air quality during the 29th Summer Olympics was evaluated. The trans-
port pathway characteristics of circulation types were obtained using a Lagrangian
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dispersion model driven by output data from a high-resolution mesoscale meteorologi-
cal model. The data and methods used are presented in Sect. 2. Synoptic circulation
types and their relation to local meteorological conditions and transport pathways are
described in Sect. 3. The air quality over Beijing under each circulation type is ana-
lyzed in Sect. 4. In Sect. 5, the effectiveness of the synoptic circulation in reducing air
quality during the Beijing Olympics is discussed, and in Sect. 6, the conclusions are
presented.

2 Data and methodology
2.1 Meteorological data

Gridded daily surface level pressure (SLP) data were used to determine the prevail-
ing circulation types at the regional scale. The SLP data were derived from the Na-
tional Centers for Environmental Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) final global forecase sytem (FNL) reanalysis dataset (1° horizontal
resolution) for the period 2000-2009. The region was defined as an area from 32 to
49°N and 103 to 129° E. The NCEP/NCAR FNL SLP reanalysis data are available for
00:00, 06:00, 12:00, and 18:00 UTC. In this study, 00:00 UTC (08:00 LT) was chosen to
determine daily circulation type because the radiosonde coverage was more compre-
hensive at this time.

The local meteorological data used in this study include all available hourly observa-
tional parameters (temperature, pressure, dew point temperature, RH, cloud fraction,
visibility, and wind speed and direction) during 2000—2009 from the Automated Sur-
face Observing System (ASOS) at Beijing Capital International Airport (BCIA). These
data were provided by the information center of BCIA after quality control. Visibility
and clouds were observed and recorded manually once per hour. Detailed weather
phenomena records and daily precipitation from 2000—2009 were also used in this
study. Data from BCIA were used as a proxy for weather conditions in Beijing because
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this station measured more weather parameters and had a longer period of available
integral records (no missing data) than other stations in Beijing. The light extinction co-
efficients (Table 2) were calculated from Koschmieder’s formula, o, =3.912/V, where
Oext 1S the extinction coefficient and V' is the visibility. This study also used meteo-
rological data observed by the ASOS on the roof of the Physics Building of Peking
University (PKU site); the data used from this site included hourly observations of RH
and precipitation during 2005-2009.

2.2 Air pollutants measurements

The measured air quality data used in this study included particulate matter of diam-
eter less than 10 um (PM;,), black carbon (BC), O3, SO,, NO,, CO, and the aerosol
optical depth (AOD). The PM,, was measured with a tapered element oscillating mi-
crobalance (TEOM 1400a, Rupprecht and Patashnick Co., Inc.) from 2005 to 2009.
The instrument was installed at the PKU site (39.99°N, 116.31° E, shown in Fig. 1b),
which is approximately 26 m above the ground. The sampling interval was set to 5 min.

An AE16 aethalometer (Magee Scientific Inc., USA) was used to measure the BC
concentration from January 2005 to December 2009. This instrument was installed in
a room built on the roof of PKU Physics Building. The instrument operated at a near-
infrared wavelength of 880 nm. He et al. (2009) have provided a more detailed descrip-
tion of the instrument and measurements. Data were recorded every 5 min. Invalid BC
and PM,, data resulting from instrumental problems or precipitation were removed.

The gaseous pollutant (O3, SO,, NO,, and CO) observations were provided by the
CARE-Beijing campaign sites in Beijing during the period from August 2006 to October
2008. Detailed descriptions of the sites and instruments have been given in the JGR
special section papers on CARE-Beijing-2006 (e.g. Chou et al., 2009). The hourly Og,
SO,, NO,, and CO observations at PKU station were used in this study. The PKU
station (39.99°N, 116.31° E) was in urban Beijing (denoted by a black dot) in Fig. 1b,
on the top of a six-storey building on the campus of PKU.
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The Aerosol Robotic Network (AERONET) program is a global ground-based aerosol
monitor network that was initiated in the 1990s and has expanded rapidly across the
world. The level-2.0 atmospheric AOD data (cloud screened and quality assured) of
the AERONET Beijing and Xianghe (XH) sites from March 2001 to October 2008 were
downloaded from the AERONET data archive (http://aeronet.gsfc.nasa.gov). Data from
sun photometers (Cimel Electronique, France) at two sites (30 m above the ground)
were used: (1) the Institute of Atmospheric Physics site (IAP, 39.98° N, 116.38°E),
affiliated with the Chinese Academy of Sciences, which is located in the densely popu-
lated urban area of Beijing, and (2) the XH site (116.96° E, 39.75° N), which is located
approximately 60 km east/southeast of downtown Beijing (shown in Fig. 1b as hollow
stars). The AERONET data included AOD values recorded at 15-min intervals in seven
spectral bands (340, 380, 440, 500, 675, 870, and 1020 nm). The AOD at 500 nm was
used in this study.

2.3 Satellite data

Moderate Resolution Imaging Spectroradiometer (MODIS) AOD data are widely used
to investigate the spatial distribution of aerosols. The MODIS AOD data (1-km res-
olution at the nadir) from Terra and Aqua satellites were averaged for each weather
type during the period from January 2006 to December 2009. We applied the modi-
fied MODIS algorithm proposed by Li (2005a,b) to retrieve the atmospheric AOD (clear
sky) at 1-km resolution. Compared to the standard Level-2 10-km AOD products, the
1-km AOD data were much better correlated with ground-based PM,;, measurements,
suggesting that they could better characterize the particulate matter distribution over
megacities than standard MODIS products (Li et al., 2005a). For each circulation type,
the mean AOD (at 550 nm wavelength) over Beijing (39.4—40.4°N, 115.8-116.8°E)
was calculated.
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2.4 Circulation classification

There are currently five widely used circulation classification techniques: the correlation
method (Lund, 1963), cluster analysis (Brinkmann, 1999; Cheng and Wallace, 1993),
principal component analysis (PCA) (Richman, 1981; Huth, 2000, 1993), fuzzy method
(Bardossy et al., 1995), and nonlinear methods (e.g. neural network) (Cavazos, 2000;
Hewitson and Crane, 2002). For classification of circulation patterns, it was suggested
that a T-mode should be applied to the PCA method (Huth et al., 2008; Huth, 1996a).
This means that grid point values are organized in rows and cases (time series) in
columns for the input data matrix (Compagnucci and Richman, 2008). Huth (1996b,
2008) compared the five classification methods and proposed that the performance of
the T-mode PCA is best in terms of its reproduction of predefined types, its temporal
and spatial stability, and its less dependence on pre-set parameters.

Richman (1981) first proposed PCA as a tool for circulation classification. The po-
tential use of PCA for classification purposes has been discussed and improved in
detail (Gong and Richman, 1995; Huth, 1996a,b; Compagnucci and Richman, 2008).
T-mode PCA has been used to study general circulation models (Huth, 2000), climate
change (Mdller et al., 2003), and air pollution climatology (Jiang et al., 2005; Jiang,
2008). In this study, obliquely rotated T-mode PCA was used to identify the dominant
circulation types over the North China region. We used the classification software de-
veloped within the framework of COST action 733 (http://www.cost733.org) (Huth et al.,
2008; Philipp et al., 2010). The T-mode PCA was performed using procedures simi-
lar to those of Huth (2000). An oblique rotation is applied on the results of the PCA
(Bernaards and Jennrich, 2005). A detailed description of the procedure has been
reported by Philipp et al. (2010).
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2.5 Model calculations
2.5.1 Mesoscale meteorological model simulations

The meteorological fields were computed using the Weather Research and Forecasting
(WRF) model version 3.1.1. The model was configured with three two-way nested do-
mains. The grid dimensions were 101 x 101, 121 x 121, and 221 x 221, with horizontal
resolutions of 36 km, 12km, and 4 km, for domains 1, 2, and 3, respectively (Fig. S1).
All domains had 35 terrain-following sigma levels. The NCEP FNL reanalysis data (1°
horizontal resolution) and Global Telecommunications System (GTS) data were used
to provide the initial and boundary conditions for model simulations. MODIS high reso-
lution satellite remote sensing data (e.g. MODIS land use; Fig. 1) were used to initial-
ize the parameters for the NOAH land surface model (Chen et al., 2006). The model
physics options were as follows: the Mellor-Yamada-Janjic boundary layer scheme
(Janji¢, 2001), the WSM3 microphysics scheme (Hong et al., 2004), the rapid radia-
tion transfer model longwave scheme (Mlawer et al., 1997), and the Dudhia shortwave
scheme (Dudhia, 1989) for each domain. The Kain-Fritsch cumulus parameterization
(new Eta) scheme (Kain, 2004) was used only for domains 1 and 2. Daily meteoro-
logical conditions from June 2008 to May 2009 were simulated by conducting a 36-h
run from 00:00 UTC each day. Each 12—36-h period (12:00 UTC to 12:00 UTC the next
day), at intervals of 30 min, was collected to form the final output.

The simulations with high resolution both in time and space by a mesoscale meteo-
rological model are capable of well resolving regional mesoscale circulations (e.g. land-
sea breeze; mountain-valley wind; urban heat island circulation) and significantly im-
proving the accuracy of trajectory calculations over the region with a complex topog-
raphy (Kahl and Samson, 1986; Pagano et al., 2010). The WRF model outputs were
compared with the in-situ measurements to evaluate its performance. The simulated
meteorological variables (temperature, relative humidity and wind) at surface were gen-
erally in good agreement with the observations at BCIA (shown in Supplement Fig. S2).
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2.5.2 Lagrangian dispersion model calculations

A Lagrangian dispersion model for particle transport and diffusion simulation, FLEX-
PART version 6.2 (Stohl et al., 1998, 2005; Fast and Easter, 2006), was used to deter-
mine the origin and transport pathways of the air mass arriving in Beijing. FLEXPART
simulates the transport and dispersion of tracers by calculating the trajectories of multi-
tudinous particles, which are termed plume (cloud) trajectories. In the model planetary
boundary layer (PBL), turbulence is parameterized by solving the Langevin equation,
and convection is parameterized using the Zivkovic Rothman scheme (Stohl et al.,
2005). Because subgrid-scale flux exchanges and boundary layer eddies can affect
dispersion simulations on local and synoptic scales (Pagano et al., 2010), we used
high-resolution WRF simulation domains 2 and 3 outputs, as described in the previous
subsection, as the input ambient meteorological conditions for the FLEXPART model.
Backward integration was performed hourly during the period from June 2008 to May
2009. For each integration, 1000 stochastic particles were released initially from within
a box (4 x 4km? horizontal extent and 0-50 m vertical height) centered on the PKU
site. In total 8 760 000 particles were released over the 1-yr period. Particle trajecto-
ries were integrated for 48 h in backward mode, and the particle locations were output
every 30 min for analysis. The 48 h length of the backward trajectories was chosen as
a trade-off in order to sample adequately the history of the air masses over the region
of interest, while reducing the trajectories error (Stohl, 1998; Kahl and Samson, 1986).

2.6 Residence time analysis of back trajectories

To visualize the plume trajectories, the footprints (i.e. emission sensitivity) of 48-h back-
ward trajectories were calculated. Footprints in this context refer to the total residence
times of released particles. Residence times were calculated following Ashbaugh
et al. (1985) by counting the accumulated number of particles during the integration
within each cell of a 0.05° (about 5 km) grid over the interested region. The “residence
time” thus corresponded to the time that air pollutants spent in each grid cell before
arriving at the site.
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3 Circulation patterns and related meteorological conditions

Nine prevailing circulation patterns were obtained over the North China region during
the 2000—2009 period using the obliquely rotated T-mode PCA. The composite mean
SLP maps for the resulting circulation types are shown in Fig. 2, along with their fre-
quencies of occurrence. According to the flow regimes and the positions of the main
synoptic centers, the circulation types were identified as (1) high to west with strong
pressure gradient (WH+); (2) high to west-south (WSH); (3) high to northeast (NEH);
(4) low (L); (5) unique (U); (6) high to northwest (NWH); (7) high to north (NH); (8) high
to east (EH, rear of anticyclone); and (9) low to northwest (NWL). The most frequent
circulation types were 1 (WH+, 17.6 %) and 6 (NWH, 15.6 %). These two types ac-
counted for 33.2 % of the total and represented prevailing northwesterly to northeast-
erly airflows over Beijing. Circulation types characterized by low pressure gradients
(types 5 and 8, i.e. U and EH) accounted for 19.8 %. Under these weather conditions,
the regional circulation was dominated by the local thermal gradient and topographic
effects. Type 4 (L, 9.6 %) was dominated by low pressure systems. Overall, cyclonic
systems influenced Beijing less frequently than anticyclone systems.

Figure 3 presents the seasonal variation of circulation types. Beijing is located in the
Mid-Latitude Eastern Eurasian continent, where monsoon circulation is prevalent. The
regional climate is characterized by long winters and summers and short springs and
autumns (Sun et al., 2010). Baroclinic waves are most frequent in winter and spring.
The subtropical high over the Western Pacific greatly affects the North China Plain in
summer and sometimes in autumn. Circulation types 4 and 6 could be associated
with the different phases (or positions) of eastward-shifting low pressure systems from
baroclinic waves over North China. In summer, circulation types 8, 9, and 5 could be
frequently associated with the subtropical high. When the subtropical high dominates
over the east of Beijing, fast-moving baroclinic waves are blocked far to the north of
the city, most of the area is under the control of a southerly maritime airstream, and
the temperature and humidity are high. Types 1 and 7 occur most frequently in winter,
while types 6 and 8 occur more in summer.
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The prevalent local meteorological conditions associated with a specific circulation
type play an important role in the air pollution. Some basic characteristics of the av-
erage meteorological variables for the types during 2000-2009 can be inferred from
Table 1 and Fig. 4. The mean temperature for type 1 (4.7°C) and 7 (6.6 °C) were typi-
cal winter values. Type 8, which was dominant in summer, was the warmest and most
humid of the nine circulation types. Types 1 and 6 were dominated by northerly and
northwesterly airflows, while types 5, 8, and 9 had dominant southwesterly winds. The
calm wind frequencies of type 1 and type 6 were the lowest among all types (Fig. 4).
The composite mean SLP map for types 1 and 6 exhibited a relatively stronger west-
to-east pressure gradient, which resulted in the highest wind speed among the nine
circulation types. In contrast, the mean SLP of types 5, 8, and 9 all displayed a rela-
tively weak pressure gradient and low wind speed, which in turn resulted in stagnant
air parcels and limited dispersal of pollutants. The student’s t-test revealed that me-
teorological parameters among the different circulation types generally had statistical
differences at a 0.05 level (Table S1).

The daily maximum PBL height at BCIA was calculated from the WRF model outputs
with 4-km horizontal resolution for 1 yr (June 2008—May 2009; Table 1). Types 2 and 6
exhibited higher daily maximum PBL heights than other types, while types 7 and 5 had
the lowest daily maximum PBL height.

Most circulation types showed relatively high frequencies of northerly and southeast-
erly winds with speeds of 2-3 ms™’ (Fig. 4). As shown in Fig. 1, Beijing is located to
the southeast of a mountain range with an average height of more than 1500 m. The
diurnal cycle of mountain-valley breezes plays an important role in the local circula-
tion near Beijing. To reveal the source of air masses over Beijing on multiple scales
in detail, FLEXPART-WRF model was used to obtain the footprint maps of trajectories
for the circulation types during the period June 2008 to May 2009 (Fig. 5). Each cir-
culation type, backed by plume trajectory analyses, dictated the long-range transport
and distinctive air mass affecting dispersion conditions. This determined the synoptic-
scale and mesoscale meteorological behaviors controlling the transport of regional air
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pollutants. The mean footprints in the local region (39.4-40.4° N, 155.8—-116.8° E) were
also calculated (upper left digits in Fig. 5). The main analytical results were as follows:

1. CT 1 was characterized by a northwesterly origin, with the fewest local and south-
easterly air mass sources among all the types. CT 6 showed the second fewest
local and southwesterly air mass sources, with northerly to easterly trajectories.

2. CTs 5, 8, and 9 were associated with southerly and southeasterly trajectories.
Type 5 had the most southern sources among all circulation types. The local
area was more influenced by pollutants emitted from the south (e.g. Shijiazhuang,
Handan) and southeast (Tianjin) of Beijing under these conditions.

3. CT 3 had the most local sources and frequent northeasterly origins.

4 Relationships between circulation type and air quality

Because of the significant differences in meteorological conditions and footprints of 48-
h backward trajectories among the circulation types described in Sect. 3, we evaluated
the relationship between circulation type and air quality in Beijing. The air quality data
investigated in this section were described in Sect. 2 in detail.

4.1 Circulation type in relation to optical air quality

Atmospheric visibility measurements can serve as a surrogate for optical air quality
and for smaller size (< 2.5 um) particulate fractions (Baumer et al., 2008; Sloane, 1983,
1984). We examined the horizontal visibility at BCIA under each circulation type dur-
ing the period from 2000 to 2009. Figure 6 shows the large variation in the visibility
distribution among the circulation types. CTs 1 and 6 are associated with good visi-
bility. The average visibilities (with + 1 o) for these two types were 18.5 + 8.3km and
14.3 £ 8.5km, respectively. These averages were both significantly different from the
mean for any other circulation types (Table S2). The CT 1 circulation was dominated by
33478
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air masses from relatively clean regions northwest of Beijing and exhibited the lowest
temperature and humidity among all circulation types. The type 6 circulation was more
frequent in summer, with a relatively high average humidity (59.3 %). Because hygro-
scopic growth of aerosol particles can be intensified by higher RH values, increased
light extinction and reduced visibility are often observed in more humid conditions.
However, under the CT 6, the higher average wind speed and more frequent precipi-
tation rate (Table 1) helped to reduce the amount of aerosols through mixing and wet
scavenging processes in the atmosphere. The mean visibility for CT 5 was 6.0 £ 3.5 km
that was significantly lower than any other CT (at a 0.05 level). And poor average visi-
bility (the lower 20 %) was also found most frequently in type 5 (Table 2), in which the
winds were mostly weak and associated with southwesterly transport pathways. CTs
8 and 9 displayed the highest RH values (72.4 % and 66.9 %) and pollutant sources
from the southwest and southeast of Beijing (Figs. 4 and 5), resulting in the highest im-
pairment of visibility among the CTs. We also found that haze and fog mainly occurred
under CTs 5, 8, and 9 (Table 2).

Although the pathways of CTs 1 and 2 were similar, the relatively high RH value
under type 2 conditions resulted in lower visibility as compared with type 1. While
types 4 and 5 had similar pathways, type 4 had better visibility due to the higher wind
speed, precipitation rate, PBL height, and lower RH.

AOD data from the AERONET Beijing and Xianghe (XH) sites during the period
2001-2008 were also used to investigate the dependence of air quality on the circula-
tion type. For the Beijing site, the results showed that types 5, 9 and 8 were associated
with the highest AOD and types 1 and 6 were associated with the lowest AOD (Fig. 7).
The mean AOD of type 1 was 0.26 +0.26, while the mean AODs for types 5 and 9 were
1.15+0.59, and 1.13+0.63, respectively. The result at the XH rural site was similar to
that at the Beijing site. The highest AOD (1.09+0.54) at XH was found in CT 5. These
results also confirmed the significant difference in light extinction among the circulation

types.
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MODIS AOD 1-km data were used to reveal the spatial distribution of aerosols under
each circulation type (Fig. 8). The North China Plain had relatively low mean AOD
(lowest value 0.43 over Beijing) during the occurrence of CT 1 due to the long-range
transport pathway of dry and clean air masses from northwestern regions. In contrast,
CTs 5, 8, and 9 were associated with high AOD values (>1.0) over the Beijing urban re-
gion, especially over the southeastern and southern parts of Beijing. In these cases, air
pollutants from southern and southeastern sources are thought to have been advected
to urban Beijing by southerly winds and blocked by the mountains, causing worse pol-
lution in urban areas (Q. H. Zhang et al., 2010). Another reason was that CTs 5, 8,
and 9 were all associated with relatively high RH (69 %, 72.4 %, and 66.9 %), which is
favorable to the growth of hygroscopic aerosols. In CT 6, the mean AOD over Beijing
was 0.6, indicating that type 6 was advantageous for the dispersion and removal of pol-
lutants, with weaker advection of pollutants from southern and southeastern sources
(Fig. 5). The AOD values over Beijing (BJ), Shijiazhuang (SJZ), Tianjin (TJ), Handan
(HD), and Tangshan (TS) (shown in Fig. 1) were high during type 4. The distribution of
AOD in type 4 was the most localized of all the types, suggesting the dominance of lo-
cal emission. This result also suggests that synoptic situations characterized by weak
advection contribute to stagnant air and the accumulation of pollutants over emission
sources.

4.2 Dependence of aerosol loading on circulation type

PM;,, the leading pollutant in Beijing, was examined in relation to circulation types.
Box-and-whisker plots (Fig. 9a) show the 5th and 95th percentiles, the first and third
quartiles, and the median and mean values of PM;, concentration by circulation
type. CT 1 was found to be associated with a low concentration of particulate pol-
lutants (90.3 +76.3 ug m_3). The concentration was significantly different from the
mean for any other circulation types (Table S3). This was mainly due to the fre-
quent clean sources and good ventilation conditions that are characterized by high
wind speeds and long transport pathways. The mean concentration of PM,, for CT 6
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was 111.7 £89.6 ug m~2. In contrast, types 5, 8, and 9 were characterized by frequent
stagnant conditions and thus elevated PM,, concentrations (173.4 +105.8 ug m=3,
158.4 + 90.0pgm™2, and 151.2 £ 93.1 ugm™>, respectively).

Black carbon (BC) is an important species of particulate pollutant in densely popu-
lated regions (Highwood and Kinnersley, 2006). As the by-product of fossil fuel com-
bustion, BC is widely used as indicator of traffic pollution, and its adverse influence
on human health has been well documented (Jansen et al., 2005; Lin et al., 2011;
Patel et al., 2010). Here, we discuss the dependence of urban BC concentration on
each circulation type (Fig. 9b). Our results show the lowest BC mass concentration
(4.1+3.8ug m_3) in CT 1, with a median of only 2.9 ug m3. Type 6 also had low BC
readings compared to the mean concentration. This indicated that these two types had
good dispersion conditions (e.g. high wind speeds and large PBL height) and more
frequent air mass trajectories from clean sources (Table 1 and Fig. 5). The statisti-
cal test confirmed the significant difference of the mean BC concentration associated
with CT 1 and 6 from that for any other CTs (Table S3). Conversely, types 5 and 8
were characterized by high BC concentrations (8.4 +£4.9 ug m=and 7.6+4.3 Mg m'3,
respectively). The first quartiles of these two types were about 10 pg m3. Type 3 also
had high BC loading for its limited dispersion weather conditions, possibly due to its
poor ventilation conditions (Fig. 5). On the whole, the urban BC in Beijing was charac-
terized by high concentration (5-yr average of 6.7 ug m's) and strong dependence on
the CT. In general, the PM,4 and BC concentration in Beijing were consistent for each
circulation type.

4.3 Relationship of gaseous pollutants and circulation types

In recent years, the increasing trend of gaseous pollution in urban regions (e.g. ozone
and nitrogen oxides) (Tang et al., 2009) has posed new challenges to air quality man-
agement in Beijing. Understanding the relationship between the synoptic weather sit-
uation and gaseous pollution is important for air quality forecast and management.
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Figure 10 shows the 5th and 95th percentiles, the first and third quartiles, and the me-
dian and mean values of SO,, NO,, CO, and daily maximum Oj for different circulation
types. Concerning the daily maximum ozone mixing ratio, CTs 8, 9, and 5 were associ-
ated with high ozone concentrations, mainly because of the high temperature, RH, and
sunshine values and frequent stagnant air in warm seasons (Table 1 and Fig. 3). The
ozone concentration in type 1 was lower than other types because of the low temper-
ature, high wind speed, and less polluted sources. The lowest concentrations of CO,
NO,, and SO, were related to type 6, and the average concentrations associated with
type 6 were mostly different from the mean for other types at a 0.05 significance level
(Table S4). The large distributions (variances) of the gaseous concentration in some
specific CT were partly due to the limitation of the measurement data duration and the
large variations of the emission rate. Concentrations of SO, in types 7 and 1 were the
highest among all the types, unlike the results for the other pollutant species. This was
probably because types 1 and 7 occurred most frequently in winter when fossil fuel
combustion for heating is intensive in North China. This result indicates that the poten-
tial impact of synoptic weather systems on gaseous pollutants and particulate matters
can vary. Particulate pollutants depend more on transport and dispersion conditions,
while gaseous pollutants are more sensitive to meteorological variables (e.g. tempera-
ture, RH, cloud fraction) and emission sources.

5 Air quality and synoptic circulation during the Olympics

The Chinese government started implementing pollutant emission control measures
in Beijing and the surrounding area from 20 July 2008. Figure 11 shows hourly vari-
ations in visibility, PM,,, sulfates, BC, SO,, surface temperature, precipitation, and
24-h backward trajectory direction and origin height from 21 July to 1 September 2008.
Gray shadings indicate the three pollution episodes (with high aerosol loadings and
low visibility) before and after the Olympics (23-28 July, 4-8 August, 26—29 August),
and pink shading indicates the period of the Olympics. The results show that under
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emission control the air quality improved significantly during the Olympics. The temper-
ature curve indicates the relative cooling during the Olympics compared to those three
pollution episodes. The 24-h backward plume trajectory analyses showed that clean
episodes were associated mainly with air masses of northwestern and northeastern
origins from high levels above the ground (shown as vectors in Fig. 11), while during
the pollution episodes, air masses were dominated by southwestern and southeastern
origins near the surface. The concurrent measurements of sulfur dioxide and sulfate
at the PKU site revealed the total sulfur variation in the atmosphere. The polluted
episodes were all characterized by high concentrations of sulfate, particularly in the
later period. The circulation types (shown in the bottom of Fig. 11) also revealed that
pollution episodes were associated with the persistent control of circulation types 5, 8,
and 9, and clean episodes were associated with types 1, 6, and 2. The relationships
between air quality, meteorological conditions, and circulation types were consistent
with the relatively long-term analyses described in Sects. 3 and 4. In summary, anal-
ysis of the time series of circulation patterns and air quality parameters (PM;,, BC,
sulfate, SO,, and visibility) during the emission control period indicated that CTs were
the primary drivers of day-to-day variations in air pollutants over Beijing and its vicinity.

Interestingly, at the beginning (first 20 days) of emission control, there were two
episodes of heavy pollution in which PM;, mass concentrations often exceeded
200 g m~2, BC concentration was frequently elevated to above 7 pg m~2, and visibility
was always below 6 km in Beijing. However, the aerosol loadings sharply decreased
and “blue sky” (i.e. visibility > 19km; Q. H. Zhang et al., 2010) conditions frequently
appeared in Beijing after the opening ceremony of the Olympics (Fig. 11). In turn,
another pollution episode (26—29 August) followed the Olympics. Why did air qual-
ity improve significantly during the Olympic period when emission control had started
earlier from the end of July? The large variations in air pollutant concentrations and
the delay in air quality improvement cannot be explained by the control measures only
because the pollutant episodes and clean Olympics episode were characterized by
different circulation types. The frequent occurrence of CT 6 during the Olympics may
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have been an important reason for the difference. The frequency anomaly of CTs is
mainly affected by large circulation changes. As mentioned in Sect. 3, the Western Pa-
cific subtropical high is one of the most important atmospheric influences on weather
and climate in (East) China in summer. The impact of the subtropical high on the air
quality over Beijing and its surroundings has been addressed by Zhang et al. (2009)
and Sun et al. (2010). We compared 500-hPa geopotential height maps during the
Olympics with those during the two pollution episodes and the 10yr mean (Supple-
ment Fig. S3). The subtropical high (the contour of 5880 gpm) dominated over Korea
and Japan before the Olympics but shifted to the southeast during the Olympics. When
the subtropical high was located over Korea and Japan, Beijing experienced high tem-
peratures and southern air mass origins (Fig. 11), which were associated with bad air
quality. When the subtropical high moved far to the southeast, the upper-level weather
charts (not shown) show that Beijing and its surrounding area would have been domi-
nated by eastward-moving mid-latitude baroclinic waves, which cause northerly winds
at the surface. During the Olympic Games, the subtropical high moved to the south-
east, and Beijing was mainly affected by frequent eastward-moving troughs and cold
continental highs. This resulted in a high frequency of CT 6, which was favorable for
clean air quality.

A comparison of circulation type frequencies during the Beijing Summer Olympics to
the mean frequency in August from 2000 to 2009 is shown in Fig. 12. Compared with
the 10-yr mean frequency of occurrence, the significant difference was that CT 6 occur-
rence was doubled and CT 5 (the most polluted type) disappeared during the Olympic
Games. This situation was also indicated by the average location of the subtropical
high during the Olympics in 2008 and in August from 2000 to 2009 (Fig. S3). Fur-
thermore, the footprints of 48-h backward plume trajectories were calculated for three
periods: the Olympics, two pollution episodes (23-28 July and 4-8 August), and the
whole summer (June, July, August) of 2008 (shown in Fig. 13). The northeasterly air
mass was dominant during the Olympics in 2008. However, southern origins prevailed
in the two pollution periods. Compared with the mean footprint for the whole summer,
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the footprint during the Olympics had less southwestern and southeastern origins. The
latter were the main emission sources over the North China Plain. Episode 1 (2328
July) was persistently dominated by CTs 8 and 5 and had more air masses with south-
western origins and shorter transport distances; episode 2 (4—8 August) had more air
masses with southeastern origins and faster transport speeds. These results suggest
that synoptic-scale circulation features are one of the primary drivers of day-to-day
pollutant concentrations in and around Beijing, and that during the Olympics, circula-
tion types favorable for dispersion and wet scavenging contributed significantly to the
improvement in air quality.

Quantitative analysis of the impacts of synoptic circulation and emission reduction on
air quality during the Beijing Olympics is important and challenging. Here a circulation-
to-environment method is proposed to evaluate the effectiveness of weather pattern in
changing air quality. The non-control mean (i.e. excluding the emission control period)
values of variables indicating air quality (e.g. visibility) were calculated for this analysis.
The relationships between CTs and air quality parameters in the same season (month)
were assumed to be constant in different years. For the Olympics period (9—24 August
2008), we defined the total anomaly (V') as the deviations in variables from their non-
control means (August in 2000—2007 and 2009). This total anomaly in the Olympics
was a composite anomaly due to the effects of both meteorology and emission re-
duction. The anomaly calculated from mean values in August 2000-2007 and 2009
for circulation types and the frequencies of circulation types during the Olympics can
be considered to represent the change in visibility caused by the circulation patterns,
not the emission reductions. We refer to this as the “circulation-driven” anomaly. The
circulation-driven anomaly (V¢') was defined as 3 ;f,V; -V, where f; is the frequency
of occurrence of type-/ circulation during a specific period and V; is the correspond-
ing variable featuring that type. The relative contribution of synoptic circulation to air
quality was then evaluated by the ratio of V¢’ to VV'. Figure 12 shows the value for
each circulation type. The dominant CT during the Olympic Games was type 6. The
results show that the contribution of the CT frequency anomaly during the Olympics
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to the increase in visibility was 50 + 46 % (mean + 1 o; the error calculation method is
described in the Supplement S5), and the contribution to the decrease in AOD at the
ARONET Beijing site was 25 + 28 % during the Olympics. Using this method, we also
calculated the decrease in PM,, and BC from the non-control mean values for the sum-
mer 2005—-2009 (excluding the emission restriction period). The relative contribution of
synoptic circulation to reducing PM,, and BC was estimated to be about 19+ 14 %
and 18 +£ 13 %, respectively. Performing the calculation again for non-control mean
values of primary gaseous pollutants for the summer 2006—-2008, the contribution of
synoptic circulation to reducing SO,, NO,, and CO concentrations was estimated to
be 41 +£36%, 12+7 %, and 19+ 11 %, respectively. Although large uncertainty was
associated with the weather impact estimation due to the limitation of the gaseous pol-
lutants data length and the variations of the emission rate, the results still demonstrated
the advantageous conditions of synoptic-scale weather during the Olympics.

We have presented the first quantitative estimations of meteorological effects on
more comprehensive air quality parameters (optical air quality observed both from sur-
face and satellite, aerosol loadings, and primary gaseous pollutants mixing ratio) dur-
ing the 2008 Olympics based on a synoptic circulation typing method. Q. H. Zhang
et al. (2010) suggested that RH contributed 24 % to improving atmospheric visibility for
relative lower aerosol hygroscopicity during the Olympics. Our result (50 % for visibility)
is about double their value. The synoptic circulation classification allows for integrated
evaluation of the effects of numerous interrelated meteorological parameters on air
quality. This difference in results suggests that the importance of the holistic effect is
larger than that of a single meteorological parameter.

6 Conclusions

We investigated the relationship between circulation pattern and air quality in Beijing
and its surroundings using a synopitc approach. The prevailing circulation patterns
were identified for the North China region using an objective classification procedure.
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The circulation types were analyzed in relation to the local meteorological conditions,
transport pathways, and air quality parameters. The plume trajectories for each cir-
culation type were calculated using backward integration of the Lagrangian dispersion
model. The data used in this study included measurements at urban and rural sites
and by satellite sensors. The main findings are as follow:

1. A set of nine daily circulation patterns were obtained for the North China region
based on the 10-yr NCEP/NCAR SLP dataset using obliquely rotated T-mode
PCA.

2. There was a significant difference in the local meteorology and footprints of 48-h
backward trajectories among different circulation types. CT 1 was characterized
by northwestern origins and the fewest local and southeastern air mass sources.
CT 6 showed air mass sources mostly from northern and eastern origins and had
the second fewest local and southwestern sources. In contrast, CTs 5, 8, and
9 were characterized by southern and southeastern trajectories, which indicated
a greater influence of highly polluting emission sources.

3. Poor air quality was mainly associated with three circulation patterns: “unique”,
“west to high”, and “northwest to low” (found in CTs 5, 8, and 9). Clean air quality
was associated with the “east of high” pattern that had larger pressure gradients
and the “high to northwest” pattern (CTs 1 and 6). The different circulation types
influenced air quality through transport pathways and local meteorological condi-
tions. The average visibilities (with + 1 o) in Beijing for CTs 1 and 6 during 2000—
2009 were 18.5+8.3km and 14.3 + 8.5 km, respectively. CTs 5, 8, and 9 were
characterized with poor visibilities of 6.0 £ 3.5km, 6.6 + 3.7 km, and 6.7 + 3.6 km,
respectively. The mean concentrations of PM,, for CTs 1, 6, 5, 8, and 9 during
2005-2009 were 90.3+76.3pugm™>, 111.7+89.6 uygm™=, 173.4+105.8ugm™>,
158.4 £90.0pugm ™2, and 151.2 + 93.1 ugm™°, respectively.
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4. Analysis of the relationship between circulation pattern and air quality during the
emission control period showed that synoptic-scale circulations were the primary
drivers of day-to-day variations in pollutant concentration over Beijing and its sur-
roundings. During the 2008 Summer Olympics, the frequency of CT 6, which

ACPD
11, 33465-33509, 2011

is associated with good air quality, doubled compared with the frequency in the
same season from 2000 to 2009. In addition, the footprints maps demonstrated
a significantly decreased frequency of air masses that originated from the south-

Jaded uoissnosi(

Impact of circulation
patterns on regional

ern polluted region during the Olympics. - transport pathways
5. Using circulation-to-environment methods, the effectiveness of synoptic circula- § J. P. Zhang et al.
tion in decreasing PM,,, BC, SO,, NO,, CO, AOD, and horizontal light extinction 73
was estimated to be about 19+ 14%, 18 +13%, 41 £36%, 12+£7%, 19+ 11%, =
25 + 28 %, and 50 + 46 %, respectively. éj _
(¢}
This work has established a long-term daily index of synoptic weather types for the - ! !
North China region and their relations to regional transport pathways and air quality in
and around Beijing. We confirmed the advantageous synoptic weather conditions dur- © ! !
ing the Olympics, and presented an integrated evaluation of the meteorological effects § ! !
in improving air quality in Beijing. These analyses demonstrated that the circulation &
classification approach is not only capable of reflecting the impacts of local conditions = ! !
linked to both air quality and local meteorology, but also provides a holistic assessment o
of the effect of synoptic circulation on regional pollutant concentration and transport ?'2 ! !
pathways. This approach and our findings could also be useful for developing an oper-
ational forecast and warning system for air pollution and for examining the impacts of ! !
climate and pollution on human health. To extend this work, the persistence and tran- - _
sition of circulation types associated with air quality may require further investigation. §
S
- IR
3
)
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Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/33465/2011/
acpd-11-33465-2011-supplement.pdf.
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Table 1. Means of local (BCIA) meteorological variables classified by circulation types during
the 20002009 period. The daily maximum PBL height was calculated from the WRF model
for 1 yr (June 2008—May 2009).

Circulation Frequency Descriptions Temp. RH Pressure Wind Cloud Visibility  Precip. PBL
type % (°C) (%) (hPa) speed  cover (km) Day Height
(ms™")  (okta) Freq. (%)  (km)
1 17.6 WH+ 473 37.2 1022.4 3.72 0.93 18.5 1.6 1.34
2 11.8 WSH 17.73 50.7 1006.9 2.95 2.06 12.4 9.1 1.76
3 6.1 NEH 12.28 65.7 1017.7 2.08 3.19 1.1 17.0 1.14
4 9.6 L 11.94 60.0 10121 3.20 4.14 9.4 21.8 1.34
5 8.3 U 17.55 69.0 1008.8 212 3.48 6.0 14.9 1.17
6 15.6 NWH 1454 59.3 1012.2 3.28 3.36 14.3 20.5 1.38
7 11.0 NH 6.58 58.0 1020.4 2.25 3.59 9.8 14.9 1.06
8 11.5 EH 19.2 72.4 1008.8 2.10 3.79 6.6 19.8 1.29
9 8.6 NwWL 15.03 66.9 1012.0 2.19 4.01 6.7 17.3 1.28
Total Mean 12.75 57.6 1013.9 2.8 2.98 11.4 14.3 1.32
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Table 2. Relationship between weather types and high pollution episodes in Beijing. The
standardized ratios of the percentage of days in the upper 20 % for PM,,, Og, SO,, NO,,
CO, BC, and extinction coefficients (calculated from the visibility) to the overall percentage of

occurrence of the particular circulation type are shown.

Circulation Frequency PM;,;, O SO, NO, CO BC AERONET o0gy
type AOD

1 17.6 0.38 0.32 147 0.75 0.87 048 0.10 0.16
2 11.8 1.03 145 034 092 053 0.97 0.63 0.73
3 6.1 122 063 1.17 1.04 094 134 1.01 1.05
4 9.6 1.04 068 149 083 136 1.06 1.39 1.09
5 8.3 165 149 1.04 201 172 1.65 2.53 2.10
6 15.6 064 1.01 042 029 042 0.60 0.66 0.52
7 11.0 1.16 029 213 1.16 1.74 1.31 1.40 1.12
8 11.5 149 158 049 1.14 071 1.40 1.85 1.73
9 8.6 129 171 093 158 145 1.13 1.68 1.68
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Fig. 1. Terrain height (km) and urban distribution (dotted region) around Beijing. (a) Black dots
represent major cities in the North China Plain. BJ, TJ, BD, SJZ, HD, CZ, and TS represent Bei-
jing, Tianjin, Baoding, Shijiazhuang, Handan, Cangzhou, and Tangshan, respectively. (b) Loci

I
113E 114E 115E 116E 117E 118E 119E 116E 117E

of the BCIA, PKU, AERONET Beijing (IAP), and Xianghe (XH) sites.
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Fig. 2. Mean sea level pressure (SLP) patterns and frequency of occurrence (right upper
number) for each circulation type during the period 2000 to 2009. The asterisk represents the
location of Beijing.

33498

| Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

ACPD
11, 33465-33509, 2011

Impact of circulation
patterns on regional
transport pathways

J. P. Zhang et al.

(&)
()


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/33465/2011/acpd-11-33465-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/33465/2011/acpd-11-33465-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Frequency of Occurrence [%)]

1 2 3 4 5
Type

Fig. 3. Seasonal variation of frequency of the nine circulation types during 2000—2009.
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Fig. 4. Wind frequency (%) of the nine circulation types at BCIA. The top-left numbers represent

calm wind frequencies.
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Fig. 5. Averaged footprints (residence times of 48-h backward trajectories) for each circulation
type during the period June 2008 to May 2009. The markers denote the location of the PKU

site.
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Fig. 6. Daily mean visibility at Beijing airport within the nine clusters. The solid dot denotes
the mean. The horizontal lines across the box are the averages of the median, first, and third
quartiles, respectively, while the lower and upper crosses represent the means of the 5th and

95th percentiles, respectively.
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Fig. 7. AOD at AERONET stations in Beijing (a) and Xianghe (b) within the nine clusters.
Solid dots denote the mean. The horizontal lines across the box are the median, first, and
third quartiles, respectively, while the lower and upper crosses represent the 5th and 95th

percentiles, respectively.
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Fig. 8. Averaged 1-km AOD (MODIS 550 nm) maps for each circulation type (the upper left
number denotes the area mean over Beijing).
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period 2005 to 2009. Solid dots denote the mean
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and 95th percentiles, respectively.
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Fig. 11. Time series of (top to bottom) hourly visibility, PM,,, BC, sulfate and SO,, surface
temperature, precipitation, and the 24-h backward plume position at 6-h intervals (direction and
distance shown as arrows, height above ground shown in colors) and daily circulation types
(CTs) from 21 July to 1 September 2008. Pink shading indicates the period of the Olympic
Games, while gray shading represents the pollution episodes in Beijing.
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Fig. 12. Occurrence frequency by circulation type during the period of the Olympics and in

August 2000-2009.
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Fig. 13. Averaged footprints (residence times of 48-h backward trajectories) for four periods:
the Olympics, two pollution episodes (23—-28 July, 4—-8 August), and the whole summer (June,
July, August) of 2008. The black dots represent the loci of major cities in the North China Plain,
as shown in Fig. 1. The PKU site is marked by an asterisk.

33509

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 33465-33509, 2011

Impact of circulation
patterns on regional
transport pathways

J. P. Zhang et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/33465/2011/acpd-11-33465-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/33465/2011/acpd-11-33465-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

