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A WRF-CMAQ modeling system is used to assess the impact of emission control strategies and weather conditions on haze
pollution in Zhongshan, Guangdong Province, China. One-month simulations for January 2014 are completed and evaluated with
the observational data. The simulations show reasonable agreement with the observations. Several sensitivity studies are completed
to quantify the percentage contributions of local emissions versus regional emissions to the PM2.5 concentrations under different
weather conditions. The results indicate that the contributions from local emission is higher than those of the emissions from
regional transport when there is no intrusion of cold front (i.e., 58% contribution from local emission versus 42% contribution from
the regional transport). The contribution of regional transport is increased to 76% when a strong cold front appears. Furthermore,
the sensitivity study demonstrates that PM2.5 concentrations on the first, second, and third days are reduced by 47%, 52%, and
58%, respectively, after the local emissions are turned off when there is no intrusion of cold front. Finally, a case study shows that
industrial, residential, and mobile emissions account for 24%, 22%, and 15% of the change of PM2.5 , respectively, during a heavy
haze pollution event in Zhongshan.

1. Introduction
With rapid development of urbanization and industrialization, anthropogenic emissions have been increased significantly over the past several decades [1]. Haze has become
a very serious air pollution problem in the Pearl River
Delta (PRD) region and other regions in China [2]. High
ambient levels of particulate matters with diameters less than
2.5 micrometer (PM2.5 ) can reduce visibility significantly,
attenuate solar radiation, and pose harmful impact on human
health [3, 4]. The observational data show that the number
of haze episode days (the episode day is defined when daily
mean PM2.5 concentrations exceed 75 𝜇g/m3 , the National
Ambient Air Quality Standard for PM2.5 in China (NAAQSC)
for PM2.5 ) was over 100 in the PRD during the past decade
[5]. The haze pollution has received a great concern from

the governments and general public. Thus, understanding the
relative contribution of local emissions and regional transport
is extremely important to reduce PM2.5 concentrations.
Many research efforts have been devoted to investigating
chemical composition characteristics of PM2.5 and impact
of weather systems and other meteorological fields on haze
over the past several decades [6–13]. The monitoring data
show that carbonaceous and inorganic secondary aerosols
are the two major contributors to PM2.5 in the PRD [14].
Previous studies have pointed out that emissions outside
of the PRD exert an important impact on PM2.5 in the
PRD [15]. But they did not quantify the relative contributions. With the rapid development of computer technologies,
numerical air quality models have become very useful tools
for air pollution studies [16]. The Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model was first
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used to track the sources of air masses that have important
impact on haze pollution events [17, 18]. Later, several more
complicated numerical models were utilized to investigate
air pollution events [19, 20]. For example, the Community
Multiscale Air Quality (CMAQ) model has been widely
used to study pollution events in the PRD [21–25]. These
studies have shown that haze pollution severity in the
PRD is mainly controlled by anthropogenic emissions with
strong spatial variation. They also pointed out that weather
conditions are the key to trigger the haze pollution events
[26]. However, very few studies have identified the relative
contributions of local emissions and regional transport to
PM2.5 concentrations under different weather conditions in
the PRD region. Thus, accurate quantification of relative
contributions of local emissions and regional transport to
PM2.5 is essential to formulate effective emission control
strategies.
Zhongshan, an important part of the PRD region, suffers
from similar severe haze pollutions. Study of impact of
weather conditions and emissions control strategies on haze
events is relatively lacking in Zhongshan as compared to other
cities in the region [27]. 16 haze episode days was observed
in January 2014. The offline coupling system of Weather
Research and Forecast (WRF) with CMAQ is used to evaluate
the impact of weather conditions and to quantify the relative
contribution of local emission and regional transport to the
haze events in Zhongshan. Sensitivity studies are designed to
assess the contributions of different anthropogenic emissions
such as industrial, residential, and mobile sources to the
changes of PM2.5 during a heavy haze event. The study
is aimed at providing scientific evidences for local policymakers to develop more effective emission control measures.

2. Methods
2.1. Descriptions of Models and Simulation Configurations.
The WRF model (version 3.3.1) [28] is used to provide
meteorological inputs to drive CMAQ (version 5.0.2). The
National Center for Environmental Prediction (NCEP) Final
Operational Global Analysis data with spatial resolution of
1∘ × 1∘ and time interval of 6 hr are used to generate initial
and boundary conditions for the WRF simulations. The
WRF single-moment 6-class microphysics scheme (WSM6)
[29] and MM5 similarity surface layer scheme [30] are used
in the WRF runs. The Noah land-surface model [31] and
Yonsei University Boundary layer scheme (YSU) [32] are also
utilized in the WRF simulations. The CMAQ model is used to
simulate different physical and chemical processes of gaseous
pollutants and particulate matter (PM) compositions. The
carbon bond (CB05) gas-phase chemical mechanism [33]
and the AERO5 module [34] are utilized in the simulations. The detailed model configuration options are listed in
Table 1.
Figure 1(a) shows the modeling domains. Two-nested
domains are used in WRF and CMAQ simulations with
31 vertical levels. The horizontal resolutions are 27 km and
9 km in coarse and inner domains, respectively. The exterior
domain of CMAQ model covers most regions of China and
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Table 1: A summary of configurations used in the WRF-CMAQ
simulations.
Physics and chemistry
Microphysics
Surface layer
Land-surface model
Boundary layer
Chemical gas-phase mechanism
Aerosol module

Parameterization schemes
WSM6
MM5 similarity surface layer
Noah
YSU
CB05
AERO5

the interior domain covers the whole Guangdong Province.
The locations of major cities in the PRD are given in
Figure 1(b). The simulations are conducted for the periods
from 08:00 LST (Local Standard Time) on 25 December
2013 to 08:00 LST on 1 February 2014. The default boundary
conditions are used for the CMAQ simulations in the CMAQ
exterior domain. The first seven-day simulations are used as
the spin-up runs to minimize the influence of default initial
conditions.
Emissions are one of the most important factors to the air
quality simulations. Many other studies have been devoted to
improve the emission inventory in China [35, 36]. This study
uses the Multiresolution Emission Inventories for China
(MEIC) version 2010, originally developed by Tsinghua
University, China [37], and represents the latest emission
inventory data in China. The emissions of MEIC are divided
into five categories. They include the emissions from power
plants, industry, agriculture, transportation, and residential
areas. The monthly mean emissions of gas pollutants such
as SO2 , NO𝑥 , CO, and NH3 , aerosol chemical compositions
such as sulfate, nitrate, ammonium, black carbon, and organic
carbon, and other substances are used in the simulations.
Given the resolution of 0.25∘ × 0.25∘ for original emissions,
the emission data are linearly interpolated into the inner
domain and the curvature effect of the earth is taken into
account during the interpolation.
Figure 2 shows the spatial distributions of annual mean
emissions of NO𝑥 , SO2 , CO, and PM2.5 in the inner domain of
CMAQ. It is found that major cities are the dominant sources
of different emissions. For example, more than 500 × 106
moles of NO𝑥 and 100 × 103 kg of PM2.5 are emitted from grids
of Guangzhou, Foshan, and Shenzhen each year in the model.
The temporal variations of the MEIC data are given by Zheng
et al. [38].
2.2. Contributions of Emissions from Different Regions. To
quantify the relative contributions of local and different
regional emissions, the emissions are treated as four different
cases: local emissions from Zhongshan, emissions from other
cities in the PRD, emissions outside of Guangdong Province,
and emissions from other cities in Guangdong Province.
Four scenarios are designed to evaluate the contributions of
different emissions to PM2.5 concentrations by turning off
individual emission. The details of different emissions are
shown in Figure 1(b) (emissions from outside of Guangdong
Province are not showed in the figure) and Table 2. The first
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Figure 1: (a) Two-nested modeling domains for WRF (black solid boxes) and CMAQ (blue dashed boxes) models. (b) The inner CMAQ
domain with three emission source regions and the major cities in the PRD region (cities in the PRD: Zhongshan (ZS), Guangzhou (GZ),
Foshan (FS), Jiangmen (JM), Zhuhai (ZH), Dongguan (DG), and Shenzhen (SZ)).
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Figure 2: Annual emissions of (a) NO𝑥 , (b) SO2 , (c) CO (unit: ×106 mol/year/grid), and (d) PM2.5 (unit: ×103 kg/year/grid) in the inner
domain of CMAQ (cities in the PRD: Zhongshan (ZS), Guangzhou (GZ), Foshan (FS), Jiangmen (JM), Zhuhai (ZH), Dongguan (DG), and
Shenzhen (SZ)).
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Table 2: A summary of experiment simulations.

Experiment
Test ctr
Test zs
Test prd
Test gd

Regions where emissions were turned off
None
Zhongshan
PRD (excluding Zhongshan)
Outside of Guangdong Province

scenario: Test ctr is the control simulation representing the
benchmark with original emissions. The second scenario:
Test zs represents the case when the local emissions of
Zhongshan are turned off. The third scenario: Test prd is
the case when the emissions of other cities in the PRD are
turned off. This case is used to evaluate the influence of
emissions from surrounding regions of Zhongshan. The last
scenario: Test gd is the case when the emissions from outside
of Guangdong Province are turned off. The contribution of
each region can be calculated by using the following formulas:
𝐶𝑥 = 𝐶ctr − 𝐶𝑥,0 ,
𝑃𝑥 =

𝐶𝑥
,
𝐶ctr

(1)

where 𝐶ctr represents the PM2.5 concentrations as the benchmark; 𝐶𝑥,0 is the PM2.5 concentrations when the emissions of
region 𝑥 are set to zero; 𝐶𝑥 represents the difference of PM2.5
concentrations between emissions which are turned on and
off in region 𝑥; 𝑃𝑥 represents the contribution of emissions
from region 𝑥. The similar method has been used by other
air quality modeling studies of 2008 Beijing Olympic Game
[39, 40].

3. Evaluation of Meteorological and Air
Quality Model Simulations
3.1. Evaluation of Meteorological Simulations. Meteorological inputs are important for air quality modeling study.
Surface observational data at the sites of Zhongshan
(113.35∘ E, 22.53∘ N), Guangzhou (113.33∘ E, 23.17∘ N), and
Zhuhai (113.57∘ E, 22.28∘ N) are used to verify the WRF simulations. Figure 3 shows the comparisons of WRF simulated
daily mean 2m temperature, daily mean relative humidity, 24hour surface pressure difference, and daily mean wind speed
with observational data in January 2014. Here, the surface
pressure difference denotes the one between the current day
and one day before. The positive difference in winter indicates
an intrusion of a cold front. It is seen from Figure 3 that the
simulated 2m temperature at the three sites is slightly higher
than the observed temperature but the temporal variation
patterns are matched with the observations quite well. The
relative humidity is a little lower than the observed value.
The simulated 24-hour surface pressure difference shows
excellent agreement with the observations at these three sites.
It is found that six evident cooling periods were associated
with the cold front activities, namely, 3–5, 8-9, 12-13, 18-19, 2122, and 26-27 January (the shaded areas in Figure 3). The wind

speeds are overpredicted for most of the study periods, especially for the days with the substantial impact from cold fronts
(e.g., 8, 18, and 21 January). But the tendency of daily variations fits the observational value well. Overall, the simulations
show that the WRF model is able to provide reasonable meteorological inputs for driving air quality modeling in January
2014.

3.2. Evaluation of CMAQ Model Results. Figure 4 shows the
time series comparison of PM2.5 concentrations and visibility
between the model simulations and observations in Zhongshan in January 2014. The hourly air quality observational
data are used here. Currently, there are four observational
sites in Zhongshan. Owing to the sites being close to each
other, the averaged PM2.5 simulations are compared with
the averaged observations at these four sites. As shown in
Figure 4, overall, the model is able to capture the general
temporal variation patterns of PM2.5 concentrations at the
observational sites. However, the model underpredicts most
peak values of PM2.5 substantially and overpredicts the PM2.5
at some other time. The simulation biases are highly related
to the uncertainties of emissions and the WRF and CMAQ
simulations. The underpredictions of PM2.5 are usually associated with the overprediction of wind speed when there
is no intrusion of cold front. 5 January is an example of
that. A large amount of air pollutants is transported to the
downwind areas when a strong cold front moves southward.
The pollutants can be transported over a longer distance when
the cold front is strong enough. But the minor impact of
extraneous transport on local PM2.5 concentrations is found
if the simulated cold front is weaker than the observation (i.e.,
the simulated 24-hour surface pressure difference is less than
observation). A typical example is illustrated on 12 January.
Figure 4 also shows large impact of uncertainty of emissions
on PM2.5 predictions. The anthropogenic emissions are much
lower than the normal level during the 3-day periods before
Chinese New Year’s Eve (i.e., 28–30 January). The change
has not been included in the current emission inventory.
As a result, the simulated PM2.5 concentrations are much
higher than the observations during those three days. On
the other hand, the model is not able to capture the PM2.5
peak value (236 𝜇g/m3 ) on the Chinese New Year’s Eve (i.e.,
31 January). This is mainly because the firework emissions are
not included in the current emission inventory used in the
simulations.
Figure 4(b) shows a comparison of simulated and
observed visibility. It is noticed that overpredictions of visibility are quite substantial during several days, especially for
the days when there is no intrusion of cold front. This is partly
because the PM2.5 concentrations are usually underpredicted
during these days (see 5 January as an example). It is recalled
that humidity is another important factor to the change of visibility (see the formula in [41]). The uncertainties of humidity
simulation may cause the bias of visibility calculation based
on the CMAQ simulations.
Several statistical metrics are used to evaluate the model
performance. They include mean bias (MB), mean absolute
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Figure 3: Comparison of simulated (a) daily mean 2m temperature, (b) daily mean relative humidity, (c) 24-hour surface pressure difference,
and (d) daily mean wind speed with the observations (1, 2, and 3 of each panel represent Zhongshan, Guangzhou, and Zhuhai station, resp.
The shaded areas represent the days with cold front intrusion).

error (MAE), root mean square error (RMSE), mean normalized bias (MNB), normalized mean bias (NMB), and
correlation coefficient (COR). They are defined as follows:
MB =

1 𝑛
∑ (Sim (𝑖) − Obs (𝑖)) ,
𝑛 𝑖=1

1 𝑛
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Figure 4: Comparison of simulated (a) PM2.5 concentrations and (b) visibility with observations (the discontinuities are due to the missing
observational data. The shaded areas in panel (a) denote 5, 12, 28–30, and 31 January mentioned in Section 3.2. The shaded area in panel (b)
denotes 5 January).

Table 3: The evaluation statistics of CMAQ performance on PM2.5
(𝜇g/m3 ) and visibility (km).

COR
=

∑𝑛𝑖=1 [(Sim (𝑖) − Sim) (Obs (𝑖) − Obs)]
2

2

PM2.5
Visibility

,

√ ∑𝑛𝑖=1 (Sim (𝑖) − Sim) × √ ∑𝑛𝑖=1 (Obs (𝑖) − Obs)

MB
−13.4
0.8

MAE
32.1
4.9

RMSE
29.2
5.6

MNB
−4.0%
8.2%

NMB
−21.4%
20.2%

COR
0.43
0.39

(2)
where Sim and Obs represent simulated and observed values,
respectively, and 𝑛 is the number of the values. The evaluation
statistics of the CMAQ performance on PM2.5 and visibility
are shown in Table 3. It is found that the simulated PM2.5
concentrations are lower than the observations and the
simulated visibility is slightly overpredicted. And the correlation coefficient is 0.43 and 0.39 for PM2.5 concentrations
and visibility, respectively. Overall, the statistical calculations
indicate that the simulation shows reasonable agreement with
the observations.

4. Sensitivity Analysis
4.1. Contributions of Different Regional Emissions. Figure 5(a)
shows the spatial distribution of monthly mean simulated
PM2.5 concentrations. An area with relatively high concentrations of PM2.5 is found in the middle of Foshan, where
the monthly mean PM2.5 concentrations exceed 60 𝜇g/m3 .
PM2.5 concentrations in the northwest of Zhongshan are 50–
55 𝜇g/m3 , but only 35–40 𝜇g/m3 is found in the southern
part. PM2.5 from northwestern to southeastern of Zhongshan
is gradually reduced. Figure 5(b) illustrates the percentage
contribution of local emissions in Zhongshan. The contribution reaches 45% in the northwest of Zhongshan but reduces
to 30–35% in the southern area. The downwind areas of
Zhongshan, including parts of Jiangmen and Zhuhai, are also
affected by the emissions from Zhongshan. Figure 5(c) shows
the percentage contributions of the emissions in other cities
of the PRD (see Figure 1(b)). Evidently, the contribution in the
middle and southeast of Foshan exceeds 60%. Contributions
in southern Guangzhou, western Dongguan and Shenzhen,
and eastern Jiangmen are higher than 50%. These emissions
contribute 35–45% of PM2.5 in northern and 25–30% in
southern Zhongshan. In addition, the emissions from outside

of Guangdong Province have important impact on the PRD
region (see Figure 5(d)). These emissions contribute relatively
less over the southeast of Foshan, but the contribution gradually increases in other parts of the PRD. As to Zhongshan, the
emissions from outside of Guangdong Province contribute
about 25% in the northern part and increase to 35–40% in
southern areas. Therefore, the emissions of local Zhongshan,
other cities in the PRD, and outside of Guangdong Province
are all important to PM2.5 concentrations in Zhongshan.
4.2. Regional Transport with Different Weather Conditions.
The weather conditions play an important role in regional air
pollutant transport. Figure 6 shows the percentage contributions from different emission source regions under different
weather conditions in Zhongshan. Haze pollution is mainly
caused by low wind speeds and stable atmospheric boundary
layer condition when there is no intrusion of cold front (i.e.,
24-hour surface pressure difference is negative). Meanwhile,
such weather conditions are not beneficial to long-distance
transport of air pollutants. So the contributions from local
sources, other cities in the PRD, outside of Guangdong
Province, and other emissions in Guangdong Province to
PM2.5 in Zhongshan are 58%, 27%, 13%, and 2%, respectively.
A large amount of nonlocal pollutants from outside of
Guangdong Province is transported to the PRD region when
a strong cold front (24-hour surface pressure difference
is more than 3 hPa) moves southwards. The contribution
of the emissions from outside of Guangdong Province is
increased to 52% in this case, followed by local emissions of
Zhongshan (24%) and other cities in the PRD (20%). The air
pollutants are mainly controlled by short-distance transport
when a weak cold front (24-hour surface pressure difference
is about 0–3 hPa) appears. The contribution of emissions
from other cities in the PRD increases to 42%, followed by
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Figure 5: (a) Spatial distribution of simulated monthly mean PM2.5 concentrations, (b) percentage contributions of local emissions in
Zhongshan, (c) percentage contributions of emissions from other cities in the PRD, and (d) percentage contributions of emissions from
outside of Guangdong Province.
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local emissions of Zhongshan (34%) and the emissions from
outside of Guangdong Province (21%).
According to the analysis presented above, it is found
that emissions outside of Guangdong Province contribute the
most changes of local PM2.5 concentrations in Zhongshan

with intrusions of strong cold front in the PRD region.
Figure 7 shows the impact of regional transport on PM2.5 in
Zhongshan during 8-9 January. It is found that the most polluted areas were located in Hunan Province in the morning
of 8 January. As the cold front moved southwards, the aerosol
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Figure 7: The spatial distribution of simulated PM2.5 (𝜇g/m3 ) and 10 m wind fields (m/s) at (a) 08:00 LST (Local Standard Time); (b) 17:00
LST; (c) 23:00 LST on 8 January; and (d) 17:00 LST on 9 January, 2014 (the names of the provinces in the pictures: Guangdong Province (GD),
Guangxi Province (GX), Hunan Province (HN), Jiangxi Province (JX), and Fujian Province (FJ)).

pollutants were transported southwards and caused large
increase of PM2.5 concentrations in northern Guangdong
Province. On the night of 8 January, a large amount of
pollutants was transported to the PRD region and the western
part of Guangdong Province. By the afternoon of 9 January,
the PM2.5 concentrations in the PRD started to decrease.
Meanwhile, PM2.5 concentrations were decreased due to the
diffusion and sedimentation. Similar transport processes of
pollutants were also observed for other cases with cold front
intrusions. Thus, regional transport of air pollutants from
outside of Guangdong Province poses a large impact on the
local haze pollution in Zhongshan during winter.
4.3. Impact of Local Emission Control on PM2.5 at Different
Time Periods. As discussed above, the emission control is
the most effective in PM2.5 reduction when there is no cold
front intrusion or the regional transport is not important. The
effectiveness of local emission becomes much less when there
is a strong cold front intrusion. In this section, we focused on
the impact of local emission control on the different stages.

For this purpose, an additional simulation is completed for
a single 3-day episode under no cold front condition. In
this simulation, the whole emissions of Zhongshan area are
turned off firstly, and then the industrial, residential, and
mobile emissions of local Zhongshan are turned off one
by one to evaluate their respective impact on local PM2.5
concentrations.
Table 4 shows the changes of PM2.5 and visibility in
Zhongshan on different days when local emissions are turned
off and there is no cold front intrusion. It is clear that emission
control has different impact on the different days. Specifically,
PM2.5 concentrations are decreased by 47%, 52%, and 58% on
the first, second, and third day, respectively, after the local
emissions are turned off in Zhongshan. It is apparent that
emission control has a clear phase effect. Similar phase effect
is also observed for the changes of the local visibility which
is increased by 57%, 63%, and 90% on the first, second, and
third days, respectively. Therefore, the large impact of local
emission on PM2.5 tends to appear on the second and third
day after the local emissions are turned off. This suggests that
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Table 4: Percentage changes of simulated PM2.5 concentrations and
visibility after local emissions are turned off in Zhongshan.
The day after
emissions are turned
off
1st day
2nd day
3rd day

PM2.5
concentrations
(%)

Visibility (%)

−47
−52
−58

57
63
90

Table 5: Percentage changes of simulated PM2.5 concentrations and
visibility during heavy polluted periods after turning off industrial,
residential, and mobile emissions in Zhongshan.
Emissions to be turned off
Industrial emissions
Residential emissions
Mobile emissions

PM2.5 (%)
−24
−22
−15

Visibility (%)
26
21
16

of emissions from outside of Guangdong Province tends to be
more important (52%) when a strong cold front is extended to
the PRD region. The emissions from other cities in the PRD
become the most important ones (42%) when a weak cold
front appears.
A case study demonstrates that emission control has a
clear phase accumulative effect on PM2.5 in Zhongshan under
no cold front condition. PM2.5 concentrations of Zhongshan
are decreased by 47%, 52%, and 58% on the first, second,
and third day, respectively, after the local emissions are
turned off. This suggests that the emission control should be
implemented on 2-3 days earlier than the day when a heavy
haze event happens. Finally, the sensitivity study confirms
that industrial, residential, and mobile emissions are the
three major sources to PM2.5 in Zhongshan. Their relative
contributions to PM2.5 are 24%, 22%, and 15% in Zhongshan
during a peak period of the sensitivity simulations.

Competing Interests
the emission controls can be implemented on 2-3 days before
a haze episode appears based on air quality forecasting.
Industrial, residential, and mobile emissions are the three
major emissions to local PM2.5 in Zhongshan given the
limited impact of emissions from power plants. Now, we
evaluate the impact of the three emissions on PM2.5 in
Zhongshan during a heavy haze pollution event. Here, we
evaluate their impact on PM2.5 during a peak period on
the third day after the emission control is implemented. It
is found from Table 5 that the industrial emission has the
largest impact (−24%), the mobile emission has the smallest
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them when the three emissions are turned off individually.
Meanwhile, the visibility is increased by 26%, 21%, and 16%,
respectively. Therefore, the government should consider the
optimal implementation time of the emission control in order
to reduce the frequency of occurrence and severity of heavy
haze events.

5. Conclusions
An offline coupling system of WRF-CMAQ is utilized to
simulate PM2.5 and to quantify the relative contribution of
local emission and regional transport to the change of PM2.5
in Zhongshan, China. Full-month simulations are performed
using the WRF-CMAQ modeling system with two-nested
domains for January 2014. Several numerical experiments
are conducted to investigate the impact of the emissions
from different regions and weather conditions on PM2.5
and visibility in Zhongshan. Both meteorological and PM2.5
simulations are evaluated with the surface observational
data. A series of statistical parameters are used to evaluate
the models’ performance. The results show that the WRF
provides reasonable inputs for driving CMAQ. The CMAQ is
able to capture the variation patterns of PM2.5 in Zhongshan.
The numerical sensitivity results show that the local
emissions have the largest impact on PM2.5 in Zhongshan
(58%) when there is no cold front intrusion. However, the role
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