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Abstract. The concentrations of fine particulate matter (PM) tration in Beijing at the time of transport flux peak during a
and ozone in Beijing often exceed healthful levels in recentstrong episode with a transport path from southwest to north-
years, therefore China is to taking steps to improve Beijing’seast.

air quality for the 2008 Olympic Games. In this paper, the
Models-3 Community Multiscale Air Quality (CMAQ) Mod-
eling System was used to investigate a heavy air pollution

episode in Beijing during 3—7 April 2005 to obtain the basic 1 Introduction

information of how heavy air pollution formed and the con-

tributions of local sources and surround emissions. The modRegional air pollution over Mega-city clusters has been ac-

eling domain covered from East Asia with four nested gridscompanied with the quick economical expansion in China.
with 81 to 3km horizontal resolution focusing on urban Bei- \ega-cities are significant sources of aerosols and oxidants,
jing. This was coupled with a regional emissions inventory which are important atmospheric components having direct
with a 10 km resolution and a local 1 km Beijing emissions impacts on air quality and climate on a regional and even
database. The trend of predicted concentrations of varioug|opal scale. It is critical to understand the key chemical and
pollutants agreed reasonably well with the observations anghhysical processes controlling the concentrations of these
captured the main features of this heavy pollution episodegpecies in these polluted regions. As a research hotspot, one
The simulated column concentration distribution of PM was of the dominant mega-city clusters is located in Beijing, the
correlated well with the MODIS remote sensing products. capital of China, and its surroundings areas (Fig. 1). With a
Control runs with and without Beijing emissions were con- population more than 14 million, Beijing’s economy growth
ducted to quantify the contributions of non-Beijing sources has heen rapidly growing with an annual increasing rate ex-
(NBS) to the Beijing local air pollution. The contributions of ceeding 10% continuously. For example, the total energy
NBS to each species differed spatially and temporally withconsumption is increased from 38.5 million ton standard coal
the order of PM5>PM;0>SQ,> soil for this episode. The jn 1999 to 45.1 million-ton standard coal in 2002, result-
percentage contribution of NBS to fine particle (P in  ing in a very serious air pollution problem. After Beijing
Beijing was averaged about 39%, up to 53% at the northwes§ycceeded in the competition for the bid to host the 2008
of urban Beijing and only 15% at southwest. The spatial diS'OIympic Games, improving the air quality in Beijing has
tribution of NBS contributions for PM) was similar to that been one Of the most important tasks for the Chinese gov_
for PMz 5, with a slightly less average percentage of abouternment. After a series of air antipollution measures includ-
30%. The average NBS contributions for $&nd soil (di-  ing increasing the natural gas supply, centralizing the heat
ameter between 2/6m and 1Qum) were 18% and 10%. In  gypply, removing electric heat devices, and using of low sul-
addition, the pollutant transport flux was calculated and com+yr coals, air quality in Beijing has improved gradually since
pared at different levels to investigate transport pathway and gg97. The number of days of meeting Air Pollution Stan-
magnitude. It was found that the NBS contribution correlatedqard |1 or better increased from 56 days in 1998 to 254 days
with the transport flux, contributing 60% of Riconcen-  jn 2005. However, the average concentration of main con-
taminants remained high in the past three years, indicating
Correspondence to: Z. Wang that emissions controls only in Beijing are not enough to
(zifawang@mail.iap.ac.cn) solve the regional pollution problems over Beijing.
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Fig. 1. Map of Beijing and surrounding areas. (IAP), meteorological data observed at six monitoring sites
in Beijing, and satellite aerosol remote sensing results from
NASA.

Several studies pointed out that the regional air pollution
in Beijing was caused not only by local sources but also sig- ] . ] )
nificantly by non-Beijing sources (Zhang et al., 2004; Xu 2 Observations and regional patterns of the high air
et al., 2004; Sun et al., 2004). The basin-like geophysi- Pollution episode
cal feature of urban Beijing and its unique weather system i _ .
are the dominant factors influencing air quality (Ren et aI.,2'1 A'r Pollution Index (API) of Beijing and surrounding
2004). Su et al. (2004) investigated certain transport path- ~ CtI€s
\(/)vfa;/isr gt):}lu?asng Ecegar:?eznv(\j/irﬁi%ngh(tahZ:r?oCsc;)%veerzgebnsl?néC;T;Tp indicate the air polluti_on_ level over the Chinese cities, an
layer along the combination of the Yanshan-Taihang moun-Alr I?ollutant Index (API) Is issued every day _by SEPA (S_tate
tains and the North China Plain. The contribution of various.Env'ronmnt Protection Agency of China) with the monitor-

emission sources shows a specific structure in spatial distric'9 data of suspended particulate matter ggisulfur diox-

bution and depends on the location and weather system. ide (SQ), and nitrogen dioxide (N& (http:/fwww.sepa.gov.

q . . lity i ith cn). An index value under 100 indicates the air quality of
In order to Improve air qua ity in Beijing W't, COMPre- that monitoring station conforms to the National ambient air
hensive measures, it is necessary to quantitatively evaluatauality criteria I1. A value over 100 will worsen the allergy

the contribution of NBS so that regional emissions can begy 014m of unhealthy people. Figure 2 shows the time series
controlled more efficiently. This can be achieved through

; ) . , of daily API of Beijing and surrounding cities in 2—8 April
a regional air quality modeling system. Yan et al. (2005) 2005. An obvious high pollution episode occurred in Beijing

made a Io.ng—term simulation of $@nd 'discus.sed the im-ish API over 100 lasting more than 4 days from 4—7 April
pacts of different types of sources on air quality. Th_e trans-5ng reaching heavy pollution levels with a maximum API of
port of pollutants among several cities in North China Wasgcg on 5-6 April

investigated by Zhang et al. (2004) with simplified chemical
transport model, which considered no chemical reactions iy 2 S5 and particles observed at IAP 325 m tower
simulating PMo.

In this study the formation process of a typical heavy air Six platforms were made on the IAP tower for simultaneous
pollution episode in Beijing during 3—7 April 2005 was in- collection of samples for analysis of @nd particulate mat-
vestigated with the Models-3/CMAQ. This episode clearly ter. The 43CTL instruments of high precision impulse flu-
showed the typical evolution process of high particle pol- orescence (USA Thermion Environment Corporation) were
lution over Beijing with continuous several days’ pollution. used for measuring gas at 8m, 47 m, 120m, and 280 m. The
The temporal and spatial characteristics of the main contamiRP1400a instruments (USA ANPU) were used for measur-
nants were analyzed with a focus on the contributions of NBSing mass concentration of the particles at 8 m and 240 m. The
to SG, PMjg and 15 PM 5 concentrations in Beijing. The available data shown in Fig. 3 for this study include,S®
modeling results were also compared with observations o7 m and PMp at 8 m. From Fig. 3, it can be seen thatSO

Atmos. Chem. Phys., 7, 3103-3114, 2007 www.atmos-chem-phys.net/7/3103/2007/
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Fig. 3. Temporal variations of observed SO2 and particle concentrations of IAP site and average pressure, wind speed of six observations
sites in Beijing from 31 March 2005 16:00 to 10 April 2005 16:00 (UTC).

concentrations were high on 4-6 April, with peak value ex- found that the average surface pressure of the six stations was
ceeding 60 ppb. Hourly variations of Rilhas similar pat- lower than 1010 hPa. During the period of 3 April, 16:00Z
terns with SQ (Fig. 3), but with much higher levels reaching to 6 April, 04:00 Z UTC, the average surface wind speed was

300u.g/me for PMyg during 4—6 April, respectively. lower than 2 m/s, which caused pollutions to accumulate and
_ _ reached heavy pollution levels with an APl more than 350 on
2.3 Meteorological patterns and controlling factors 5-6 April. Consequently, the observed $énd PMg con-

centrations at the IAP site were also very high during this

Through the analysis of synoptic meteorological charts forperiod.

this period, it was found that initial weak winds and stable
weather patterns prevailed and later followed by transport of
Asian dust from Inner Mongolia on 5 April causing the 4-day 3 M odel description and validation
high of air pollution mixing of anthropogenic pollutants and
natural dust particles. Surface synoptic patterns show thathe Models-3/CMAQ, which is developed by the U.S. EPA
from 4-6 April, there is a strong high pressure system locatedByue, et al., 1999), has already been widely used all over the
over Yangtze River with the low in Beijing. This typical kind world especially in North America and East Asia. It has suc-
of surface pattern is unfavorable for pollution in Beijing to cessfully applied to investigate the Asian continental outflow
diffuse and also it is a typical type of weather pattern caus-of carbon monoxide, ozone, and aerosol sulfate to the west-
ing Beijing's serious pollution. Detailed analyzing the syn- ern Pacific Ocean by a number of serious researches (Zhang
optic chart during this period, on 500 hPa chart, at 00:00 Zet al., 2002; Uno et al., 2005; Yamaji et al., 2006).
on 4 April of 2005, Beijing was in strong northwest flow at
the back of the East Asia groove. On surface chart, there3.1 Model setup
was a strong high-pressure center located at the southeast of
China (Yangtze area), and Beijing lay at the top of the high-In this study, we use the NCAR/Penn State Mesoscale Model
pressure. From 500 hPa chart at 00:00 Z on 5 April, we couldMM5) (Grell et al., 1994), which is based on MRF scheme
see Beijing was in southwest flow at the front of a groove.for the boundary layer process, Grell scheme for convec-
Corresponding to 850 hPa and surface of the same time, thitve motion, cloud-cooling scheme for radiation, and some
high-pressure center still existed, and from surface to highother physical parameterized schemes, to generate the me-
altitude, wind direction of Beijing was southwest. When it teorological fields for CMAQ. The outputted meteorological
came to 06:00Z, on 5 April, there was a Mongolia cyclone factors are mainly contained of temperature, wind, humid-
on 500 hPa altitude, and on surface, there were cold frontity, pressure, and other parameters requested by CMAQ. The
strong wind and dust storm area in the middle part of Mon-NCAR/NCEP reanalysis data, four times a day witx1°
golia. And along with the synoptic systems moved to eastresolution, were used for initial and boundary conditions in
later it influenced Beijing area. MM5 model.

By analyzing the variance of average meteorological el- Four nested grids at the horizontal resolution of 81 km,
ements such as pressure and wind speed (Fig. 3) averag@¥ km, 9km and 3km with the same center located at
over six observation stations in Beijing from 3—7 April, itwas (35.0 N, 116.0 E) were used for MM5 and CMAQ in this

www.atmos-chem-phys.net/7/3103/2007/ Atmos. Chem. Phys., 7, 3103-3114, 2007



3106 X. An et al.: Modeling heavy air pollution in Beijing

Table 1. Emissions of major anthropogenic species in this study (Unit: ton/year).

Region VOC SQ NOx co PMio  PMzs  NHg

Beijing Municipality 285551 211306 227311 1021790 106890 53367 69068
Tianjin Municipality 270000 375876 178940 737041 93497 37996 49981
Hebei Province 855000 1353731 686000 6806000 535055 264052 846462
Shanxi Province 401000 1467410 558000 3254000 173848 66899 214950
Shandong Province 1088000 1575245 812000 7339000 684824 379516 1093000

1km resolution for point, mobile, area, and others sources
based on reports of National Projects on Beijing Air Qual-
ity Controls. The selected pollutant emissions used in the
modeling for Beijing, Tianjin, and the neighboring provinces
(Hebei, Shanxi and Shandong) are summarized in Table 1.
Figure 5 presents SMOKE output of emission used in the
third domain, clearly showing high anthropogenic emissions
of CO, NQ, and SQ distributed in urban area of Beijing and
Tianjin.

The selected simulation period for analysis is from 2 to
8 April 2005, with 10-day spin-up from 23 March. First
three sensitivity runs were conducted to test the uncertainties
of NBS emissions impact on Beijing’s pollution. In three
cases, emissions of local Beijing sources with unchanged,
Case 1 with emissions of NBS keeping unchangeable (base
run, BR); Case 2 with reduced 50% emissions of NBS, and
Case 3 with added 50% emissions of NBS. And then a con-
trol run (CR) with only NBS was performed and compared
with BR to evaluate the impact of NBS on air pollution in

study (Fig. 4). The coarse domain covers East Asia withBeijing. All of these simulations were conducted with the
83x65 horizontal grids and the second domain witk68  Same meteorological fields produced by MM5.
grids includes most provinces of North China. The third do-
main with 79« 70 grids consists of Beijing and the surround- 3.2 Meteorological comparison of model results with ob-
ing cities, and the focus of the fourth domain withx&4 servations
grids on urban Beijing. From the first to the fourth domain,
the time step is 240s, 80s, 26.67 s and 8.89s. Thirty leveldhe rationality of MM5’s meteorological simulations of this
were unequally distributed in the vertical from the ground to case are exhibited by several statistical parameters such as
a level of 100 hPa in MM5. And there are 12 vertical lay- MB (the Mean Bias), NMB (the Normalized Mean Bias),
ers extending from the surface to approximately 12 km inNME (the Normalized Mean Error), RMSE (the Root Mean
CMAQ, which are reduced from 30 sigma levels of MM5 us- Square Error) and R (the Correlation Coefficient) obtained
ing the mass-weighted averaging algorithms for reducing thedy traditional statistical methods.
computational costs. Vertical layers of CMAQ are unevenly  The comparison of meteorological modeling and observa-
distributed and surface layer is approximately 35 m. We usedion finds out that MM5 simulation is accredited in this study.
the Grell cumulus parameterization, simple ice physics, andSix meteorological observation stations which are located in
the MRF planetary boundary layer in MM5. Beijing urban area are used to evaluate model results. They
The Sparse Matrix Operator Kernel Emissions (SMOKE, are chosen for their representative and consecutive. The av-
2005) model was applied to prepare the emission inventoryerage value of the six sites’ observation is compared with the
and generate gridded emission data for the CMAQ modelmeteorological model output such as temperature (T), rela-
There are two emission inventory data are used in this studyive humidity (RH), wind speed (WS), direction (WD) and
for SMOKE processing: the regional data from Streets etpressure (P) in Table 2. The correlation coefficients (R) be-
al. (2003, and personal communications) with 10 km resolu-tween the observed T, RH, P, WS and WD, and the simulated
tion updated from the TRACIPP emissions inventory, and a ones are high and respectively 0.73, 0.71, 0.92, 0.74 and
detailed local source emissions database of Beijing city with0.50. So the meteorological MM5 model has the ability to

Fig. 4. The four nested domains used for simulation.

Atmos. Chem. Phys., 7, 3103-3114, 2007 www.atmos-chem-phys.net/7/3103/2007/
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Fig. 5. Spatial distribution of anthropogenfa) CO , (b) NOx and(c) SO, emission intensity (moles/s) in the third domain with horizontal
resolution of 27 km.

Table 2. Statistical summaries of the meteorological comparisons of the model results with observations of average temperature (T), relative
humidity (RH), wind speed, direction and pressure, of six observations sites in Beijing.

Obs. Sim. MB  NMB(®%) NME®%) RMSE R

T(°) 156 155 -0.1 -0.8 21.4 3.8 0.73
RH (%) 46 49 2.2 4.9 26.2 154 0.71
Pressure (hPa) 1005 1006 0.4 0.1 0.3 3.7 0.92
Wind speed (m/s) 8.9 136 14 56.4 58.2 1.8 0.74
Wind direction ) 170 159 -10.8 -6.4 34.0 73.5 0.50

simulate the different meteorological variables. From other3.3 Comparison of model results with observation and
statistical parameters data, such as MB, NMB, NME and MODIS AOD
RMSE, we can see that the model can better simulate the
characteristics of T, RH and P factors. The NMB and NME . ; :

" L Figure 6 shows the comparison of simulatedb&0d P
values for WS are higher than 50%; this indicates that the g P ¢ Mo

model slightly overestimates the wind speed. The MB andconcentrations with observed data at 47m £5@nd 8m
L i PMj0) height of IAP tower. The model simulated the magni-
RMSE are low and the R value is higher for WS, so the model( 10) heig 9

Its of WS liabl tude and the diurnal patterns of 2@nd PMowell. The cor-
results o are refiable. relation coefficient of S@and PM ¢ between the model and
observation is higher than 0.70 and 0.60, respectively. The

www.atmos-chem-phys.net/7/3103/2007/ Atmos. Chem. Phys., 7, 3103-3114, 2007
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Fig. 7. (a) Aerosol Optical Depth spatial distributions by MODIS at
03:15Z on 3 April 2008b) Model simulated PMp column density
Fig. 6. Comparison of observed and simulated,S@) and PM g of Beijing and surrounding areas at 03:00 (UTC) on 3 April 2005.
(b) concentration of three hour average at IAP site from 2 April to
7 April 2005 (UTC).

ucts of AOD (Version 4) with 10 km nadir spatial resolution

) o ) in and around Beijing areas on 3 April 2005, 03:15Z. Data
model can also simulate the variations of the particles dur,yer ocean parts are not used for larger uncertainty is usu-

ing this episode, but the simulation generally under predicteda"y caused by high concentration of sediment. Regions in
particle concentrations due to uncertainties in emissions anghe north part of the figure are also blank for the surface is
a lack of dust emission module in the current CMAQ system.iqq bright (not covered with dense vegetation) to get pre-

The model results are also compared with MODIS opticalcise aerosol retrieval. Figure 7b is the model simulated M
depth data. Satellite remote sensing provides a means to deolumn density of Beijing and surrounding areas on 3 April
rive aerosol distribution at global and regional scales. The2005, 03:00Z. Compared Fig. 7a with Fig. 7b, it can be
Moderate Resolution Imaging Spectroradiometer (MODIS)seen that at in most areas the distributions patterns of simu-
aboard two of NASA's Earth Observing System (EOS) satel-lated column density are consistent with MODIS AOD. In the
lites (Terra and Aqua) began a new era of aerosol remoteoastal areas of Bo Hai Bay, about 200 km away from Bei-
sensing over land (Chu et al., 2003). Aerosol optical depthjing, MODIS observed larger AOD values than our model.
(AOD) products from MODIS have been verified by the sun- The difference between the two sources is mainly due to
photometer observations in some regions of China (Li et al. MODIS AOD retrieval errors near estuary and coastal ar-
2003) and used to research air pollution in and around Beieas with high sediment concentration in the water (Li et
jing areas (Li et al., 2005). The researched results show thadl., 2003). AOD values in the Beijing area corresponding
the MODIS AOD data have high accuracy and can betterto our model grids are derived from MODIS level 2 prod-
describe the regional and urban pollution distribution. Fig- ucts according to the nearest valid data within the scope
ure 7a shows the spatial distribution of MODIS Level 2 prod- from 39 N to 40.5 N, and from 115.5E to 117 E. The

Atmos. Chem. Phys., 7, 3103-3114, 2007 www.atmos-chem-phys.net/7/3103/2007/
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. ) Fig. 9. \Vertical distributi f simulated P trati
sults are higher than 0.90 (R-squre.84) (Fig. 8). '9 ertical distributions of simulated P concentration

and calculated atmospheric boundary layer (ABL) height by MM5
along IAP site(a) Altitude-time cross sections of P)g concentra-
tions(b) ABL height (m).

4 Resultsand discussions

4.1 Temporal and spatial distribution of simulated M case 3, and the difference between the cases forpRivd

concentration PMgzs are shown in Fig. 10. Figure 10 shows that the particle
concentration variance patterns are similar under the reduced

Figure 9a shows the simulated altitude-time cross sectiongo, emissions of NBS, added 50% emissions of NBS and

of PMyo concentrations at the IAP site. From 4-6 April pase conditions during the episode. The differences between

of 2005, PM, concentrations below 200 m were very high, case 1 and case 2, and case 3 and case 1 are nearly the same.

especially at night, which corresponded to the lower atmo-it shows that the impact of NBS emissions on air pollution in

spheric boundary layer (ABL) height (Fig. 9b) from 12:00Z Begijing is almost linear.

to 00:00Z (UTC), preventing atmospheric pollutants from

dispersing away. Also during this period the surface wind4.3 NBS contributions to S£and particle in Beijing dur-

speed was very weak especially from 4 April, 9:00Z to 5 ing the episode

April, 00:00 Z and from 5 April, 12:00 Z to 6 April, 00:00Z

(UTC) with a wind speed of less than 1.0 m/s (Fig. 3). Figure 11 represents the simulated;S&hd PMg concen-
trations in the fourth nested domain (3km) at 02:00Z, on

4.2 Sensitive models results of NBS emissions 5 April. The horizontal distributions of SOand PMg are

shown in Figs. 11a and c with all sources and in Figs. 11b
Two sensitivity runs are conducted and compared with theand d for only NBS, respectively. Figure 11a shows that
base run to show the correlation of NBS emissions with airSO, concentrations at most urban Beijing are higher than
pollution in Beijing. Timely variance of Phy and PMs 30 ppb, peaking around at 110 ppb in the west of urban Bei-
concentration along Beijing under case 1 (base case), case png. Compared with Fig. 11b, the contribution of NBS to

www.atmos-chem-phys.net/7/3103/2007/ Atmos. Chem. Phys., 7, 3103-3114, 2007
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Fig. 10. Comparison of simulated temporal variance of fgi{h) and PM5 (€) concentration along Beijing under Case 1 (base case), Case 2,
Case 3, and the difference between the cases fapR) and PMs (d) from 3 April 00Z to 6 April 2005 12Z (UTC). Case 1 with emissions
of NBS keeping unchangeable (base run, BR); Case 2 with reduced 50% emissions of NBS, and Case 3 with added 50% emissions of NBS.

SO, in most areas of urban Beijing is about 6 ppb, with are variously spatially distributed over urban Beijing. In or-
higher contributions in southeast area. The patterns ofgPM der to evaluate the effect of NBS on air pollution in differ-

concentrations are similar to those of S@ith a maximum
of more than 21@ug/m?® at west of urban Beijing (Fig. 11c).
The contribution of NBS for Plyy concentration in Beijing

is about 10-1mg/m? (Fig. 11d).

ent area of Beijing during this episode, the urban area is di-
vided into five regions such as northwest (NW), southwest
(SW), center, northeast (NE), southeast (SE). The percent-
age contribution of NBS to each region is calculated by us-

The following formula was used to calculate the percent-ing weighted mean method and summed up in Table 3. The

age contributions (PC) from NBS to Rl PMz 5, SO and
soil (soil particle with diameter between 24 and 1Qum):

PC= C(CR) x 100/C(BR)

whereC(CR) andC(BR) are the simulated concentrations
of PM1g, PM25, SO or Soil, with BR run (all sources) and

CR run (only NBS), respectively.

average percentage (AVE) for all urban area is the average
of these five parts. From the table, we can see that the av-
erage contribution of NBS to P4 is 39%, with maximum

up to 53% at the northwest of urban area and only 15% at
southwest. The spatial distribution pattern of contribution
ratio for PMyg is very close to PM5, but with slightly less
than PM 5. The maximum weighted average contribution to
PMjg is 43% at the northwest of Beijing urban area and the

Using the results from the two runs, the distribution pat- minimum is 10% at the southwest. And the average contribu-

terns of PC for PMy and PM 5 were obtained. Ph and

tion for PMyg is 30%. The average contribution of NBS for

PM25 generally show similar patterns, indicating the same g, js 18 % with the maximum up to 26% at the southeast of
source regions for both of them. The contributions of NBS

Atmos. Chem. Phys., 7, 3103-3114, 2007
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S02 02Z05APR2005 S02 02Z05APR2005

PM710 02Z05APR2005

Fig. 11. Horizontal distributions of simulated S@nd PM g concentrations over Beijing area at 02:00 (UTC) on 5 April 2Q@5For SO
of all sources(b) for SO, of sources outside Beijing¢c) same as (a), but for P)g; (d) same as (b), but for Pig.

urban area and the minimum 13% at the northwest. For soil4.4 Pathways of NBS transporting to Beijing

the spatial distribution pattern of contribution is very like that

of SO, and the average contribution of NBS to soil is 10% The vertical altitude-time cross section and the west-east

with the maximum at the southeast and the minimum at thecross section of P flux along Beijing are shown in

northwest. Figs. 12 and 13, respectively. RMlux is calculated by the
Therefore, for PMs and PMy, the order of contribution  following formula:

of NBS from big to small is NW, SE, NE and SW. But for

SO, and soll, it is different from that of PM, the order from ~ flux=C x 'V

big to small is SE, SW, NE and NW. Table 3 also indicates . . . .
that the average contributions of NBS are different for eacf\\llvviggr\?;ige simulated concentration of RandVis the

pollutant, with the order of Pig>PMao> S0, > soil during From 3 to 6 April, strong PNp fluxes were calculated

this episode. .
It can also be elucidated from the table that the NBS con-ComIng f“”T‘ the_ sou-thwest to the northeast of Beijing, es-
pecially during nighttime. In order to clearly reveal the cor-

tribution of fine particles is larger than that of coarse parti- relation between the NBS contribution to Rn Beijing
clesto Be!jing background PM levels as the fine particles are, o temporal variance of Pp concentration, P flux ané
much easier to be long-range transported. the contribution of NBS along Beijing are shown in Fig. 14.
From Fig. 14, we can see that the peakigflux was seen
at about 14:00Z on 5 April 2005, which corresponded to the

www.atmos-chem-phys.net/7/3103/2007/ Atmos. Chem. Phys., 7, 3103-3114, 2007
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Fig. 12.  Altitude-time cross sections of Pj¢ flux (Unit:
ngm-2s~1) along Beijing from 3 April to 7 April 2006.

Table 3. The weighted average percentage contributions of NBS to

SO, and patrticle in urban Beijing. 00Z05APR2005

Area NW  SW Center NE SE AVE 12204APR2005

PMos 53% 15% 35% 44% 50% 39%
PM1g 43% 10% 25% 34% 37% 30%
SO 13% 18% 15% 17% 26% 18%
soil 5% 10% 10% 10% 15% 10%

00Z04APR2005

12Z03APR2005

00Z03APR2005 . " . .
114.43 115.349°= 116.043°=
300

peak value of contribution percentage to R\t this time.

The peak PMo flux was up to 110 g m~2s atanaltitude  Fig. 13. (a) West-east cross section of RM flux (Unit:

of about 200 m and correspondingly the peak contribution ra.gm=2s-1) along Beijing from 3 April 00:00 to 6 April 12:00

tio of NBS to PMg was up to 60%. (UTC), (b) Cross-section of P flux (Unit: ngm~2s~1) along
Figure 14 shows that the PMflux peaks at the same time SW-NE pathway from 3 April 00:00 to 6 April 12:00 (UTC).

as the maximum of the contribution to Rlybccurring, with

a delayed PN concentration peak. At 18:00Z on 3 April, . . . .
15:00Z on 4 April and at 14:00Z on 5 April, the contribu- ing this episode. Meteorological analysis (Sect. 2.3) shows

tion percentage of NBS was very large with a strong;gM th_at during this period, Beijing was controlled by southwest
flux imported from surrounding areas into Beijing, which in- wind on 850 hPa and surface, and located at low pressure on

duced the high Pl concentration at later time (at 23:00Z groove. This type of meteorological pattern offers a conve-
on 3 April, 20:00Z on 4 April and at 20:00Z on 5 April). It nient condition for sources located at southwest region to be

EEransported into Beijing. And also after 5 April, the float-
Ing dust storms brought by a strong Mongolia cyclone across
north China strengthened this process.

indicates that the contribution of surrounding sources plays
very important role in forming high pollution concentration
in Beijing during this episode.

From the horizontal distribution chart of RM fluxes
(Fig. 15), it can be seen that strong particle fluxes were transs  Symmary
ported from the southwest area of Beijing by southwest wind.
At 06:00Z on 5 April, the flux center located at the bound- The Models-3/CMAQ coupled with MM5 and SMOKE
ary of Hebei province from Shanxi province. At 10:00Z module was applied to evaluate the contributions of NBS to
on 5 April, the high flux center moved to the northeast of high SGQ and particles pollutants in Beijing during 3—7 April
Shijiazhuang. Later, the flux peak reached Beijing at abou2005. Comparisons of model results with observed data at
14:00 Z. Therefore, the dominant transport pathway for NBSthe IAP tower and MODIS AOD showed that the model cap-
effecting Beijing was by the west and southwest flow dur- tured the main observed features of this serious pollution
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Fig. 14. Temporal variance of Phy concentration, Pl flux 42N

and contribution of sources outside Beijing to RiMalong Beijing
(UTC).

700

N 600

‘? /‘ 500

episode. The correlation coefficient for s®@etween the 40°N : BELING S 300
model and observed data was averaged around 0.70 while V& A 200

100

the correlation coefficient for the modeled column loading of
particles and MODIS AOD reached 0.90. The spatial distri-
butions of S@ and PMg simulated by the model showed
that high concentrations were transported from southwest?#™¥
area of Beijing to the northeast by west and southwest winds. - -
This was also confirmed with synoptic chart analysis and B
transport flux analysis during this period. The sensitivity
studies indicated that NBS contributions varied temporally
and spatially for certain pollution species. For Pithe 42°N
maximum weighted average contribution was up to 53% at
the northwest of urban area, the least was about 15% at south-
west. For PMp, spatial distribution and temporal variance
of contributions were close to those of BY| but slightly
less. Model results also revealed that NBS contributes more#o°x
to fine particle than coarse particles. The average contribu-
tions of SGQ and soil were 18% and 10%. The calculated
transport flux results show that the R)flux peak and per-
centage contribution peak of NBS to R§vhappened almost
simultaneously with a delay the Rllconcentrations.

This study presents a well behaved modeling system for
investigating the Beijing urban pollutions and source contri- 606
butions. For a comprehensive analysis of Beijing air pollu-
::822’ar::grleogng;\;ﬁ:ﬁ22'0ggtzrzr?egﬁﬁggdtéogg?;getL\éagggl_:ig. 15. Horizontal distributions of PN fluxes at aItitudg abgut

. o . : 180 m at(a) 06:00 Z,(b) 10:00 Z, andc) 14:00 Z on 5 April (Unit:

sonal variations of NBS contributions. It is noticed that al- -2 s 1)
though this method emission switch on/off method is widely
used to estimate the contribution of target emissions by most
of modellers (Streets et al., 2006), it may cause significant
bias/errors to estimate the non-linear source-reception relacontribution from each factor. The contribution of one fac-
tions. In a nonlinear system with many factors involved, thetor in presence of other factors can be determined by tak-
total impacts of all factors are not linearly additive of the ing the difference between a model run including all factors

50

ug,/m?
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- : . An inventory of gaseous and primary aerosol emissions in
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