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a b s t r a c t

An extremely severe and persistent haze event occurred over the middle and eastern China in January
2013, with the record-breaking high concentrations of fine particulate matter (PM2.5). In this study, an
online-coupled meteorology-air quality model, the Weather Research and Forecasting Model with
Chemistry (WRF/Chem), is applied to simulate this pollution episode over East Asia and northern China at
36- and 12-km grid resolutions. A number of simulations are conducted to examine the sensitivities of the
model predictions to various physical schemes. The results show that all simulations give similar pre-
dictions for temperature, wind speed, wind direction, and humidity, but large variations exist in the
prediction for precipitation. The concentrations of PM2.5, particulatematter with aerodynamic diameter of
10 mmor less (PM10), sulfur dioxide (SO2), and nitrogen dioxide (NO2) are overpredicted partially due to the
lack ofwet scavenging by the chemistry-aerosol optionwith the 1999 version of the StatewideAir Pollution
Research Center (SAPRC-99)mechanismwith theModel for Simulating Aerosol Interactions and Chemistry
(MOSAIC) and the Volatility Basis Set (VBS) for secondary organic aerosol formation. The optimal set of
configurations with the best performance is the simulation with the Gorddard shortwave and RRTM
longwave radiation schemes, the Purdue Linmicrophysics scheme, the Kain-Fritsch cumulus scheme, and a
nudging coefficient of 1�10�5 forwater vapormixing ratio. The emission sensitivity simulations show that
the PM2.5 concentrations are most sensitive to nitrogen oxide (NOx) and SO2 emissions in northern China,
but to NOx and ammonia (NH3) emissions in southern China. 30% NOx emission reductionsmay result in an
increase in PM2.5 concentrations in northern China because of the NH3-rich and volatile organic compound
(VOC) limited conditions over this area. VOC emission reductions will lead to a decrease in PM2.5 con-
centrations in eastern China. However, 30% reductions in the emissions of SO2, NOx, NH3, and VOC, indi-
vidually or collectively, are insufficient to effectively mitigate the severe pollution over northern China.
More aggressive emission controls, which needs to be identified in further studies, are needed in this area
to reach the objective of 25% PM2.5 concentration reduction in 2017 proposed in the Action Plan for Air
Pollution Prevention and Control by the State Council in 2013.

© 2014 Elsevier Ltd. All rights reserved.
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Table 1
Model configurations used in WRF/Chem simulations.

Physical and
chemical
processes

Baseline simulations Sensitivity simulations

a. Physical and chemical options used in the baseline and sensitivity simulations.
Simulation

period
January 1e31, 2013 The same as baseline

Domain East Asia (36-km), northern
China (12-km)

The same as baseline

Horizontal
resolution

36-km and 12-km The same as baseline

Vertical
resolution

23 layers from 1000 to 100 mb The same as baseline

Anthropogenic
emissions

MEIC [http://www.meicmodel.
org/]

The same as baseline but with
30% reduction in SO2, NOx,
NH3, and VOCs emissions
individually and collectively.

Biogenic
emissions

MEGAN 2 [Guenther et al.,
2006]

The same as baseline

Dust emissions GOCART dust emissions
[Ginoux et al., 2001]

The same as baseline

Sea-salt
emissions

Gong (2003). The same as baseline

Meteorological
ICs and BCs

The National Centers for
Environmental Prediction Final
Analysis (NCEP-FNL) reanalysis
data

The same as baseline

Chemical IC
and BC

Default for 36-km; nested
down from the parent domain
for 12-km

The same as baseline

Gas-phase
chemistry

SAPRC-99 [Carter, 2000] The same as baseline

Photolysis Madronich F-TUV [Madronich
and Flocke, 1998]

The same as baseline

Aerosol module 4-bin MOSAIC aerosol with
volatility basis set (VBS)
[Zaveri et al., 2008; Shrivastava
et al., 2011]

The same as baseline

Urban surface Urban canopy model [Kusaka
and Kimura, 2004; Ikeda and
Kusaka, 2010]

The same as baseline

Shortwave
radiation

RRTMG [Iacono et al., 2008] Goddard [Chou et al., 1998]

Longwave
radiation

RRTMG [Iacono et al., 2008] RRTM [Mlawer et al., 1997]

Land surface NOAH Land Surface Model
[Chen and Dudhia, 2001; Ek
et al., 2003]

Pleim-Xiu [Pleim and Xiu,
1995; Xiu and Pleim, 2001]

Surface layer Monin-Obukhov [Monin and
Obukhov, 1954; Janjic, 2001]

Pleim-Xiu [Pleim, 2006]

PBL Yonsei University Scheme
(YSU) [Hong et al., 2006]

ACM2 scheme [Pleim et al.,
2007]

Cumulus Grell 3D ensemble [Grell and
Devenyi, 2002]

Grell-Devenyi emsemble [Grell
and Devenyi, 2002];
Kain-Fritsch [Kain, 2004]

Microphysics Morrison double-moment
[Morrison et al., 2009]

Purdue Lin [Lin et al., 1983;
Chen and Sun, 2002]; WDM6
[Lim and Hong, 2010]

Simulation index Configuration Notes

b. Model configurations and simulation indices in the baseline and sensitivity
simulations.

BASE Baseline, see Table 1a
RAD Gorddard shortwave and RRTM

longwave schemes
Others are
same as
BASE

MP Purdue Lin microphysics scheme Others are
same as
BASE

CU_GD Grell-Devenyi emsemble cumulus
scheme

Others are
same as
BASE

CU_KF Kain-Fritsch cumulus scheme Others are
same as
BASE

RAD_MP_KF
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1. Introduction

Since January 2013, very frequent and severe haze events
occurred over central and eastern China, with the record-breaking
high concentrations of fine particulate matter (PM2.5) in many cit-
ies. Haze has emerged as themost urgent air pollution problem that
needs to be addressed in China, more than other existing issues,
e.g., photochemical pollution or acid rain. The extremely severe
pollution over northern China that covers Beijing-Tianjin-Hebei
area (BTH), Shanxi, Henan, and Shandong, has raised widespread
public concerns. According to the monthly report publicized by the
Ministry of Environmental Protection (MEP) on the top ten polluted
cities in China, seven of the nine top polluted cities are within the
BTH area (http://www.mep.gov.cn/zhxx/xwfb/). There is an urgent
need of understanding the sources and formation mechanisms of
the severe haze occurred over this area.

The pollution characteristics and source apportionment over
China using 3-D air quality models have been increasingly studied
in the past few decades. For example, many studies have been
performed to support the policy-making for the 2008 Beijing
Olympics and the National Five Year Plan (FYP) using the Com-
munity Multiscale Air Quality Model (CMAQ) system (Streets et al.,
2007; Chen et al., 2007, 2008; Wang et al., 2008, 2009, 2011; Fu
et al., 2009; Zhou et al., 2010, 2012; Xing et al., 2011; Gao and
Zhang, 2012; Li et al., 2013; Zhao et al., 2013). However, all those
studies used an offline-coupled meteorology and air quality model
system, i.e., the meteorological model is run separately from the air
quality model to provide the meteorological fields (Zhang, 2008;
Zhang et al., 2012a). It does not simulate the feedbacks of chemis-
try to meteorology, such as the aerosol feedbacks to radiation and
photolysis, which may be very important during severe pollution
periods with high aerosol loading (J. D. Wang et al., 2014a). January
2013 has been reported as the haziest month in the past 60 years in
Beijing (Lu et al., 2013), and the haziest month since this century in
northern China (L. T. Wang et al., 2014b). This month is represen-
tative for understanding the severe haze and PM2.5 pollution epi-
sodes frequently occurred in recent years over northern China.
Several recent studies focus on this month in terms of the pollution
characteristics, formation mechanism, chemical and physical pro-
cesses, and source apportionment (Ji et al., 2014; Jiang et al., 2014; L.
T. Wang et al., 2014b; J. D.Wang et al., 2014a; Zheng et al., 2014; Y. S.
Wang et al., 2014c). The results of J. D. Wang et al. (2014a), using the
coupled Weather Research and Forecasting (WRF)-CMAQ system,
shows that during that month the aerosol-meteorology feedbacks
can lead to a maximum 53% reduction in incoming radiation and as
high as 140 mg m�3 increase in PM2.5 concentrations on daily
average in Beijing. It is therefore necessary to apply the online-
coupled meteorology-air quality model to simulate the extremely
severe haze episodes over this area and understand the underlying
formation mechanisms.

The Weather Research and Forecasting Model with Chemistry
(WRF/Chem) (Grell et al., 2005; Fast et al., 2006) is one of the most
advanced online-coupled 3-D air quality models, which has been
increasingly applied at global, continental, and regional scales over
North America, Europe, and Asia in recent years (Misenis and
Zhang, 2010; Zhang et al., 2010a, 2012b, c; 2013; Tuccella et al.,
2012; Situ et al., 2013; Tie et al., 2009, 2013; Chen et al., 2013;
Wu et al., 2013). However, studies over the North China Plain
(NCP) are very limited (Han et al., 2008; An et al., 2013; Yan, 2013)
and none of them included sensitivity studies of the chemical or
physical configurations which are important to the model pre-
dictions (Misenis and Zhang, 2010; Zhang et al., 2012b). Therefore,
in this study, WRF/Chem versions 3.5 and 3.5.1 that are released in
April and September, 2013, respectively, are applied over East Asia
and northern China at 36- and 12-km grid resolutions, respectively,

http://www.mep.gov.cn/zhxx/xwfb/
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http://www.meicmodel.org/


Table 1 (continued )

Simulation index Configuration Notes

RAD; MP; Kain-Fritsch cumulus
scheme

Others are
same as
BASE

RAD_MP_KF_Q (BASE_EMIS
for emission sensitivity
simulations)

RAD_MP_KF; nudging coefficient for
Q changed from 3 � 10�4 to 1 � 10�5

Others are
same as
BASE

RAD_MP_KF_TRI RAD_MP_KF; kfeta_trigger ¼ 2 for KF
cumulus physics scheme

Others are
same as
BASE

RAD_WDM6_KF RAD; WDM6 microphysics scheme;
Kain-Fritsch cumulus scheme

Others are
same as
BASE

PX_RAD_MP_KF_351 Pleim-Xiu land surface and surface
layer scheme; ACM2 PBL scheme;
RAD_MP_KF; using WRF/Chem 3.5.1

Others are
same as
BASE

PX_RAD_MP_KF_351 Pleim-Xiu land surface and surface
layer scheme; ACM2 PBL scheme;
RAD_MP_KF; Nudging coefficient for
Q changed from 3� 10�4 to 1� 10�5;
using WRF/Chem 3.5.1

Others are
same as
BASE

SO2_30 SO2 emissions are reduced by 30% Same as
BASE_EMIS

NOx_30 NOx emissions are reduced by 30% Same as
BASE_EMIS

NH3_30 NH3 emissions are reduced by 30% Same as
BASE_EMIS

VOCs_30 VOCs emissions are reduced by 30% Same as
BASE_EMIS

SO2_NOX_NH3_30 Emissions of SO2, NOX, and NH3 are
reduced by 30% simultaneously

Same as
BASE_EMIS

SO2_NOX_NH3_VOCs_30 Emissions of SO2, NOX, NH3, and
VOCs are reduced by 30%
simultaneously

Same as
BASE_EMIS
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for the extremely polluted period of January 2013, and a series of
sensitivity simulations are conducted to evaluate the model per-
formances using different physical schemes and explore relevant
emission control implications. The objectives of this study are to (1)
examine the sensitivities of the model predictions for both mete-
orology and chemical species to various physical schemes available
in WRF/Chem; (2) identify an optimal set of configurations that has
the best performance on both meteorology and air quality over
northern China; (3) quantify the PM2.5 sensitivities to the re-
ductions of emissions of major pollutants, to support the policy-
making in air pollution control over this area.

The paper is organized as follows: Section 2 describes the model
configurations for all simulations, and evaluation database and
protocols. Section 3 presents the results from a comparative eval-
uation on air quality, the best set of configurations and its perfor-
mance (the meteorology evaluations are in the supplementary
material). Section 4 examines the sensitivities of particulate mat-
ter (PM) predictions to precursor emission reductions and impli-
cations to emission control strategies. Section 5 summarizes the
major findings and limitations of this work.

2. Model description and evaluation methodology

2.1. Model configurations and simulation design

In this study, WRF/Chem simulations are performed for the
period of January 2013, because the regional haze events during
this period represent the most severe episode with the highest
PM2.5 concentrations in China since 2001. A spin-up period of seven
days (December 25e31, 2012) is used to minimize the influence of
the initial conditions. The model inputs and configurations used in
this study are shown in Table 1a. As shown in Table 1b, a total of 11
sensitivity simulations are conducted using various combinations
of physical schemes for East Asia with a grid resolution of
36 � 36 km (Domain 1, see Fig. 1). One set of configurations with
the best model performance is chosen to perform nested simula-
tions using one-way nesting over northern China that encompasses
Beijing, Tianjin, and four provinces including Hebei, Henan, Shan-
dong, and Shanxi at a 12 � 12 km grid resolution (Domain 2). Six
sensitivity simulations in which the emissions of sulfur dioxide
(SO2), nitrogen oxide (NOx), ammonia (NH3), and volatile organic
compounds (VOCs) are reduced by 30% individually and collec-
tively, are then conducted over Domain 1 to examine the PM2.5
sensitivities to precursor emissions. The vertical resolutions in all
simulations are 23 layers from the surface to the tropopause. The
corresponding sigma levels are 1.000, 0.995, 0.988, 0.980, 0.970,
0.956, 0.938, 0.916, 0.893, 0.868, 0.839, 0.808, 0.777, 0.744, 0.702,
0.648, 0.582, 0.500, 0.400, 0.300, 0.200, 0.120, 0.052, and 0.000.

The accuracy of emissions is key to the reliability of the model
predictions. In this study, the Multi-resolution Emission Inventory
for China (MEIC) (He, 2012; Li et al., 2014) for the base year 2010 is
used, following the study of L. T. Wang et al. (2014b). The MEIC
inventory, developed by Tsinghua University, calculates all the
anthropogenic emissions of eight species, including SO2, NOx, car-
bon monoxide (CO), non-methane volatile organic compounds
(NMVOCs), NH3, carbon dioxide (CO2), PM10, and PM2.5 in China for
the years 1990e2010. Note the MEIC inventory not only contains
the emission data for the above eight species, but also for the
speciated chemical species of VOCs and PM for SAPRC, CB05 and
RADM mechanisms (Li et al., 2014). The SAPRC99-speciated VOCs
inventories are used in this study. L. T. Wang et al. (2014b)
demonstrated that the MEIC inventory provides reasonable esti-
mations of the total emissions from cities, but may be subject to
uncertainties in the spatial allocations of those emissions into fine
grid resolutions. Another uncertainty exists in the difference be-
tween the emission base year (2010) and simulation period
(January 2013). The total anthropogenic emissions may have been
underestimated due to the economic increase during 2010e2013
(The national GDP increased 9.3% and 7.8% in 2011 and 2012,
respectively (NBS, 2013)). The Model of Emissions of Gases and
Aerosols from Nature (MEGAN) version 2 (Guenther et al., 2006) is
used for online calculation of the biogenic emissions. Dust emis-
sions are estimated online using the Goddard Chemistry Aerosol
Radiation and Transport (GOCART) model (Ginoux et al., 2001). The
sea-salt emissions are calculated using the method by Gong (2003).

The meteorological initial (IC) and boundary conditions (BC) are
based on the National Center for Environmental Prediction (NCEP)
Final Analysis (FNL) reanalysis datasets. Analysis nudging is applied
for wind in and above PBL, and for temperature and water vapor
mixing ratio (Q) above PBL, using the NCEP surface and upper air
observation dataset (http://dss.ucar.edu/datasets/ds351.0/; http://
dss.ucar.edu/datasets/ds461.0). The default chemical profiles in
WRF/Chem are used as the chemical IC and BC for the domain 1, and
those for the domain 2 are nested down from the output of domain
1.

The 1999 version of the Statewide Air Pollution Research Center
(SAPRC-99) mechanism (Carter, 1990, 2000) is chosen as the gas-
phase chemical mechanism in this work, which is demonstrated
by Lin et al. (2009) of better performance than the Carbon Bond 4
(CB4) over East Asia and gives satisfactory results over northern
China for the haze episode simulation described in L. T. Wang et al.
(2014b). The aerosol module is the Model for Simulating Aerosol
Interactions and Chemistry (MOSAIC) that uses 4 volatility bins
with the Volatility Basis Set (VBS) for organic aerosol evolution
(Zaveri et al., 2008; Shrivastava et al., 2011). The Madronich Fast
Troposphere Ultraviolet Visible (F-TUV) photolysis scheme is
applied for photolytic rate calculation. The urban canopy model
(Kusaka and Kimura, 2004; Ikeda and Kusaka, 2010) is used for

http://dss.ucar.edu/datasets/ds351.0/
http://dss.ucar.edu/datasets/ds461.0
http://dss.ucar.edu/datasets/ds461.0


Fig. 1. WRF/Chem modeling domains at a horizontal grid resolution of 36-km over East Asia (Domain 1 with 164 � 97 cells) and 12-km over an area in northern China (Domain 2
with 90 � 108 cells).
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urban surface scheme.
The baseline configurations include the RRTMG shortwave and

longwave radiation schemes (Iacono et al., 2008), the Noah Land
Surface Model (Chen and Dudhia, 2001; Ek et al., 2003), the Monin-
Obukhov surface layer model (Monin and Obukhov, 1954; Janjic,
2001), the Yonsei University (YSU) Planetary Boundary Layer
(PBL) scheme (Hong et al., 2006), the Grell 3D ensemble cumulus
parameterization (Grell and Devenyi, 2002), and the Morrison
double-moment microphysics scheme (Morrison et al., 2009). The
RRTMG radiation schemes, the Grell 3D ensemble cumulus
parameterization, and the Morrison double-moment microphysics
scheme were recently implemented in WRF/Chem to provide
advanced treatments of relevant processes. The rest of physics
options have been applied extensively in past studies (e.g., Grell
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et al., 2005; Zhang et al., 2010a, 2012a,b; 2013). The combination of
the above physics options is therefore selected as the starting point
to systematically test various physics schemes and identify an
optimal set of physics schemes to support WRF/Chem modeling.
The sensitivity simulations are designed to use the same set of
aforementioned configurations but each with an alternative phys-
ical option or a combination of several alternative options including
shortwave and longwave radiation schemes, land surface and sur-
face layer models, a PBL scheme, a cumulus parameterization, and a
microphysics scheme. As shown in Table 1b, a total 10 sensitivity
simulations for physical schemes and 6 simulations for emission
sensitivities are performed in this study. First, the shortwave and
longwave radiation schemes, microphysics scheme, and cumulus
parameterization are changed one at one time to assess the changes
in model performance. The schemes with better performance are
then combined in several simulations to identify the best set of
configurations. The nudging coefficient for Q, and the kfeta_trigger
option (NCAR, 2013) in Kain-Fritsch cumulus scheme (Kain, 2004)
are changed as well to improve the model predictions for precipi-
tation. The Pleim-Xiu land surface (Pleim and Xiu, 1995; Xiu and
Pleim, 2001) and surface layer (Pleim, 2006) schemes are only
applied in WRF/Chem version 3.5.1 because those schemes are not
fully linked in the version 3.5 and result in unrealistically high
concentrations for all pollutants, e.g., the monthly average con-
centrations of CO over whole the BTH area are predicted as high as
above 16 ppm whereas the observed CO concentrations are in the
range of 0.4e5.0 ppm. The set of configurations are considered as
the best when it meets the model evaluation criterias and gives the
best performance statistics among all the simulations, in both
meteorology and chemical predictions. The set of configurations
with the best performance is then used in the emission sensitivity
simulations.

In the sensitivity study, the emissions of SO2, NOx, NH3, and VOC
are reduced by 30%, individually and collectively, i.e., SO2/NOx/NH3
and SO2/NOx/NH3/VOC, to quantify the responses of the PM2.5
concentrations to provide scientific information in support of
future emission control policy-making. 30% reduction in emissions
is chosen for several reasons. First, the Action Plan for Air Pollution
Prevention and Control released by the State Council on September
10, 2013 calls for a reduction of the PM2.5 concentrations over
Beijing-Tianjin-Hebei area by 25% in 2017. In the Action Plan for Air
Pollution Prevention and Control in Hebei Province published by
Hebei Province following the National Action Plan, the attainment
goal of PM2.5 concentrations in Hebei cities is set to be a reduction
of 25e33% in 2017. Given those attainment goals at both national
and province levels, the use of 30% emission reductions in the
sensitivity represents the first attempt before a larger reduction can
be justified to reach the attainment goals in a short-term, i.e., 3e5
years.

2.2. Evaluation database and protocols

The observational data used for model evaluation in this study
are same to those used in L. T. Wang et al. (2014b) but for the period
of January 1e31, 2013 (see Table 1, Wang et al., 2014a,b,c). The
meteorological data used in this study are obtained from the Na-
tional Climate Data Center (NCDC) integrated surface database. The
evaluations are performed for the five major parameters: temper-
ature at 2-m (T2), water vapor mixing ratio at 2-m (Q2), wind speed
at 10-m (WS10), wind direction at 10-m (WD10), and daily pre-
cipitation. Data at every 1- or 3-h (most at 3-h) at a total of 371 sites
within our domains are used in the evaluation.

As in the study of L. T. Wang et al. (2014b), two datasets of
chemical concentrations are used. The first one is the real-time
database from the China National Environmental Monitoring
Center (CNEMC), which began to be released since January 2013
and includes the real-time hourly concentrations of SO2, NO2, CO,
ozone (O3), PM2.5, and PM10 at 496 national monitoring stations in
74 major cities in China. The 74 cities include all the capital cities of
each province, municipalities, and all the cities within the Beijing-
Tianjin-Hebei area (BTH), the Yangtze River Delta (YRD), and the
Pearl River Delta (PRD) (http://113.108.142.147:20035/emcpublish/
). As mentioned in L. T. Wang et al. (2014b), CNEMC provides a
much better database for model evaluation than the previous Air
Pollution Index (API) databasewhich only provides a daily index for
the key pollutant on urban average for each city (Streets et al.,
2007; Wang et al., 2008; Fu et al., 2009). However the main diffi-
culty in using CNEMC is the inaccessibility of the historic data of
more than 24-hr ago. This is the reason that in our study the ob-
servations for the period of January 1e13 are unavailable for the
model evaluation. The second data source is the observations at a
site located in the Hebei University of Engineering (refer to as
HEBEU) measured by the lead author's group since July 2012 (Wei
et al., 2014). More detailed descriptions of the characteristics of the
site and measurement method can be found in Wei et al. (2014).
The observed hourly PM2.5, PM10, SO2, NO2, and CO concentrations
at this site are used in the model evaluation for the whole month of
January 2013.

The meteorological evaluation is performed in terms of
domainwide overall statistics. The statistical measures calculated
include the Mean Bias (MB), the Root Mean Square Error (RMSE),
the Normalized Mean Bias (NMB), and the Normalized Mean Error
(NME), which are defined in Zhang et al. (2006). The criteria pro-
posed by Emery et al. (2001) and Tesche et al. (2001) are used to
judge meteorological performance. According to Emery et al.
(2001) and Tesche et al. (2001), a satisfactory model performance
should have MB � ±0.5 Κ for T2, MB � ±1 g kg�1 for Q2,
MB� ±0.5 m s�1 for WS10, and MB� ±10� for WD10. The chemical
evaluation is performed in terms of the overall statistics, and spatial
distributions by comparing the simulated and observed concen-
tration distributions and corresponding NMBs. In addition to NMB
and NME, the Mean Fractional Bias (MFB) and the Mean Fractional
Error (MFE) are analyzed, following the guidance by U. S. Envi-
ronmental Protection Agency (U.S. EPA, 2007). They are also
defined in Zhang et al. (2006). Boylan and Russell (2006) suggested
that a model performance goal of MFB � ±30% and MFE � 50% and
the model performance criteria of MFB � ±60% and MFE � 75% for
PMmodeling, which are used as criteria for model performance for
PM and gaseous species. In addition, time series of meterological
and chemical variables at several representative sites in both do-
mains are analyzed to assess the model performance in reproduc-
ing the temporal variations of meteorology and air quality. The
evaluation of meteorology is presented in the supplementary
material, and those for chemical species are in the Section 3 below.

3. Comparative evaluation of model performance

3.1. Evaluation over East Asia

As shown in Tables S1 and S2, the simulations of
PX_RAD_MP_KF_Q_351 and RAD_MP_KF_Q give the best meteo-
rological predictions among all the 11 simulations. Table 2 sum-
marizes the domainwide statistics for chemical species, i.e., PM2.5,
PM10, SO2, NO2, and CO over Domain 1 at the 36-km grid resolution.
In general, the model overpredicts the concentrations of those
pollutants, i.e., the concentrations of PM2.5 and PM10 are over-
predicted by the 11 simulations by 28e48% and 0e8%, respectively,
and those of SO2, NO2, and CO are overpredicted by 33e91%, 9e27%,
and 1e12%, respectively. One of the major reasons is the lack of wet
scavenging scheme for the SAPRC-99 and MOSAIC-VBS option in

http://113.108.142.147:20035/emcpublish/


Table 2
Domainwide statistics of chemical predictions at a 36-km grid resolution over Domain 1.

Concentrations Simulation name n Obs. Sim. MB NMB (%) NME (%) MFB (%) MFE (%)

PM2.5 (mg m�3) BASE 201.5 64.2 47 77 28 60
RAD 195.2 57.9 42 74 26 59
MP 186.6 49.4 36 69 22 57
CU_GD 201.0 63.8 46 77 28 60
CU_KF 203.0 65.8 48 78 29 60
RAD_MP_KF 61,071 137.2 182.5 45.3 33 67 21 56
RAD_MP_KF_Q 179.4 42.2 31 66 20 56
RAD_MP_KF_TRI 183.4 46.1 34 68 21 57
RAD_WDM6_KF 194.6 57.3 42 72 27 58
PX_RAD_MP_KF_351 177.9 40.7 30 67 18 57
PX_RAD_MP_KF_Q_351 175.1 37.8 28 66 16 57

PM10 (mg m�3) BASE 208.8 13.8 7 54 1 52
RAD 202.5 7.5 4 52 1 52
MP 194.8 0.2 0 51 5 52
CU_GD 208.4 13.3 7 54 1 52
CU_KF 210.5 15.5 8 54 2 52
RAD_MP_KF 55,763 195.0 190.5 4.6 2 50 5 51
RAD_MP_KF_Q 187.1 7.9 4 49 7 51
RAD_MP_KF_TRI 191.5 3.6 2 50 5 51
RAD_WDM6_KF 195.4 0.3 0 52 6 53
PX_RAD_MP_KF_351 181.6 13.4 7 52 11 54
PX_RAD_MP_KF_Q_351 178.6 16.5 8 52 13 54

SO2 (mg m�3) BASE 129.4 54.5 73 123 28 82
RAD 124.2 49.4 66 119 25 82
MP 107.9 33.1 44 106 8 82
CU_GD 129.2 54.4 73 123 28 82
CU_KF 129.9 55.1 74 123 28 82
RAD_MP_KF 61,208 74.8 103.9 29.1 39 105 5 83
RAD_MP_KF_Q 99.4 24.6 33 101 2 82
RAD_MP_KF_TRI 104.3 29.5 39 105 5 83
RAD_WDM6_KF 120.2 45.4 61 115 22 81
PX_RAD_MP_KF_351 143.1 68.3 91 147 21 88
PX_RAD_MP_KF_Q_351 139.8 65.0 87 144 19 88

NO2 (mg m�3) BASE 80.2 16.7 26 67 3 66
RAD 77.3 13.8 22 64 0.3 65
MP 71.9 8.4 13 59 4.8 63
CU_GD 80.2 16.7 26 67 4 66
CU_KF 80.6 17.1 27 67 4 66
RAD_MP_KF 61,076 63.5 70.2 6.7 11 57 6.3 63
RAD_MP_KF_Q 69.3 5.8 9 56 6.5 62
RAD_MP_KF_TRI 70.3 6.8 11 57 6.3 63
RAD_WDM6_KF 77.0 13.5 21 64 0.2 65
PX_RAD_MP_KF_351 72.2 8.7 14 57 1.2 61
PX_RAD_MP_KF_Q_351 70.9 7.4 12 56 1.9 60

CO (mg m�3) BASE 2.5 0.3 12 64 �1.8 61
RAD 2.4 0.2 7 62 �4.8 60
MP 2.4 0.1 5 61 �6.1 60
CU_GD 2.5 0.3 11 64 �1.7 61
CU_KF 2.6 0.3 12 64 �1.0 61
RAD_MP_KF 61,529 2.3 2.3 0.0 2 59 �7.7 60
RAD_MP_KF_Q 2.3 0.0 1 59 �8.4 59
RAD_MP_KF_TRI 2.3 0.1 2 60 �7.6 60
RAD_WDM6_KF 2.4 0.1 5 61 �5.3 60
PX_RAD_MP_KF_351 2.5 0.2 11 66 �3.8 62
PX_RAD_MP_KF_Q_351 2.5 0.2 10 66 �4.1 62
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WRF/Chem 3.5 and 3.5.1 (Peckham et al., 2013). Saide et al. (2012)
evaluated the influence of wet deposition to atmospheric concen-
trations of gaseous and aerosol species by simulations with/
without wet scavenging process using WRF/Chem. They found that
significant differences existed in SO2 and aerosol concentrations
when the wet deposition process was turn off. Therefore, the un-
certainties introduced by the lack of wet scavenging should be
considered in model evaluation, as well as distinguishing them
from the uncertainties from the emission inventory. The un-
certainties of the MEIC emission inventory are estimated to be
smaller or same to the INTEX-B emission inventory, which are ±12%
for SO2, ±31% for NOx, ±68% for NMVOCs, ±70% for CO, ±132% for
PM10, ±130% for PM2.5 for China (Q. Zhang et al., 2009a private
communication, Qiang Zhang, Tsinghua University, China,
September, 2014). Although large uncertainties may exist in the
primary PM emission inventory, the secondary inorganic and
organic aerosols, generated from the gaseous precursors which
have much smaller uncertainties, are believed to be the driving
factors during this severe polluted month (Huang et al., 2014;
Zheng et al., 2014). The modeling results over the same domains
for the same period using the exactly same inventory and same
chemical mechanism but with the MM5-CMAQ system that in-
cludes wet scavenging process (L. T. Wang et al., 2014b) showed
that PM2.5 are slightly underpredicted over Domain 1 (with an NMB
of �14.6%) and over-estimated over Domain 2 (with an NMB of
19.1%). These results may imply that the range of the uncertainties
introduced by the MEIC inventory, which cannot explain WRF/
Chem performance (i.e., the RAD_MP_KP_Q simulation) with the
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NMB of 31% for Domain 1 and 45% for Domain 2 in this work, the
lack of wet scavenging is most likely responsible for the over-
predictions in PM2.5 concentrations.

As shown in Table 2, the averaged observed PM2.5 concentration
over Domain 1 is 137.2 mgm�3, and that of the baseline prediction is
201.5 mg m�3, with 47% of overprediction. Changing in the radia-
tion, microphysics and cumulus schemes individually, i.e., RAD, MP,
and CU_GD, will result in a slightly better performance
(186.6e201.0 mg m�3). The combined configurations used in
RAD_MP_KF and the reduction in nudging coefficient of Q used in
RAD_MP_KF_Q further reduce the overprediction (182.5 and
179.4 mg m�3, respectively) and the changing in nudging coefficient
of Q (RAD_MP_KF_Q) results in the PM2.5 concentration of
179.4 mg m�3. Although there is a large discrepancy on the pre-
cipitation predictions between the two simulations (0.7 vs. 1.3), the
concentrations of PM2.5 are not changed significantly due to the
lack of wet scavenging for these options in this version of WRF/
Chem. Our study indirectly attests the importance of wet scav-
enging process to pollutants concentrations, which should be one
of the foci and priorities for model improvement for the SAPRC99-
MOSAIC/VBS option. While NMBs and NMEs are 28e47% and
66e78%, respectively, MFBs are 16e29% and MFEs are 57e60% for
PM2.5 predictions from all simulations. The performance of PM2.5

predictions by all those simulations is considered to be satisfactory
based on the performance criteria of an MFB within ±60% and an
MFEwithin 75% proposed by Boylan and Russell (2006). Among the
11 simulations, the simulationswith the best performance for PM2.5

are PX_RAD_MP_KF_Q_351, PX_RAD_MP_KF_351, and
RAD_MP_KF_Q, which have the lowest NMBs, NMEs, MFBs, and
MFEs. Compared to PM2.5 performance, the predictions for PM10
showmuch improved performance statistics with small differences
among the 11 simulations. The smaller biases (NMBs of 0e8%) in
PM10 predictions indicate bias compensation, i.e., the relatively
large overpredictions in the PM2.5 concentrations are compensated
by large underpredictions in those of PM2.5-10 (e.g., mineral dust).

As for SO2, the observation is 74.8 mg m�3 and baseline predic-
tion is 129.4 mg m�3, with an NMB of 73%. Changes in radiation and
cumulus parameterizations, i.e., RAD, CU_GD, and CU_KF, do not
evidently improve the results (124.2e129.9 mg m�3), but using a
different microphysics scheme fromBASE inMP (i.e., the Purdue Lin
microphsics scheme), greatly reduces the overprediction
(107.9 mg m�3, with an NMB of 44%), although the overprediction
remains. The simulations of RAD_MP_KF, RAD_MP_KF_Q, and
RAD_MP_KF_TRI give slightly better results (99.4e104.3 mg m�3).
The simulations with the WDM6 microphysics scheme
(RAD_WDM6_KF) and the Pleim-Xiu land surface and surface layer
schemes (PX_RAD_MP_KF_351 and PX_RAD_MP_KF_Q_351) do not
give better predictions for SO2, with NMBs of 61e91%. The simu-
lation RAD_MP_KF_Q gives the best performance for SO2 pre-
dictions. The MFBs and MFEs of all the simulations are in the range
of 2e28% and 81e88%, respectively, which are within the criteria of
MFB� ±60% and slightly over the criteria of MFE�75% proposed by
Boylan and Russell (2006). The overpredictions of NO2 are not as
significant as those for SO2 with NMBs of 9e27%. Similar to SO2,
NO2 predictions are more sensitive to the choice of microphysics
schemes. The simulation with the Purdue Lin scheme (MP) per-
forms better than the Morrison double moment used in BASE and
the WDM6 used in RAD_WDM6_KF. In general, the RAD_MP_KF_Q
shows the best performance in terms of NO2 predictions with an
NMB of only 9%. The predictions of CO agreewell with observations,
with NMBs of 1e12% of all the simulations. The observed and
simulated concentrations of CO by the BASE simulation are 2.3 and
2.5 mg m�3, respectively, with an NMB of 12%. Changing in radia-
tion and microphysics, i.e., RAD and MP, will improve the results
(NMBs of 5e7%), but the alternation in cumulus parameterizations
(CU_GD, CU_KF) will not result in a significant improvement (NMBs
of 11e12%). The combined simulations of RAD_MP_KF,
RAD_MP_KF_Q, and RAD_MP_KF_TRI further reduce the NMBs to
1e2%. The RAD_MP_KF_Q shows the best performance. The MFBs
and MFEs of NO2 and CO predictions are all within the criteria of
MFB � ±60% and MFE �75% (Boylan and Russell, 2006).

Among the 11 simulations, the optimal configuration set with
the best overall performance in terms of both meteorological and
chemical predictions is RAD_MP_KF_Q. Therefore, this configura-
tion is chosen for nested simulations at 12-km and emission sen-
sivity simulations at 36-km. Fig. 2 presents the overlay of the
predicted and observedmonthly average concentrations of the four
major pollutants and their corresponding NMBs from
RAD_MP_KF_Q. The model generally well reproduces the spatial
distributions of the four pollutants, especially for PM10, NO2, and
CO. The overprediction of PM2.5 mostly appears in the north and
central China, e.g., Shanxi, Henan, southern Hebei, northern Anhui,
and the cities along the Yangtze River. The SO2 concentrations over
southern Hebei are underpredicted, and the overprediction occurs
in the Northeast China, Shanxi, and also the cities along the Yangtze
River. The time series of the observed and simulated
(RAD_MP_KF_Q) concentrations at the representative cities in
Domain 1 are presented in the Section 4 of the supplementary
material.

3.2. Evaluation over northern China

The meteorological evaluation for Domain 2 are in Section 2 of
the supplementary material. It indicates that the RAD_MP_KF_Q
configuration shows the best performance over Domain 2 and the
nested simulation at a 12-km grid resolution improves the pre-
dictions for temperature and humidity, and performs similarly for
other meteorological predictions. The improvements on meteoro-
logical predictions of the RAD_MP_KF_Q comparing with the BASE
in terms of NMB are summarized in Table 3, for both Domain 1 and
2. In general, the model performances are improved in terms of T2
and precipitation, not changed for WD10, and slightly declined for
Q2 and WS10. The most significant improvement is for precipita-
tion, with NMBs decreased from �76% to �3% over Domain 1 (at
36-km grid resolution), and�82% to 19% (at 36-km grid resolution)
and 21% (at 12-km grid resolution) over Domain 2.

The statistics over Domain 2 for chemical variables are shown in
Table 4. In general, the model overpredicts the concentrations of all
species over the Domain 2 at a 36-km grid resolution, with NMBs of
45e70% for PM2.5, 3e23% for PM10, 32e114% for SO2, 36e61% for
NO2, and 18e74% for CO. The NMB of RAD_MP_KF_Q for PM2.5 is
50% at 36-km and reduces to 23% at 12-km. The MFBs and MFEs for
PM2.5 predictions from all the 36-km simulations are 23e48% and
58e64%, respectively, which are still within the threshold for
satisfactory performance proposed by the U.S. EPA (2007) and
Boylan and Russell (2006). The NMBs for PM10 are much smaller
than for PM2.5, indicating that the model underpredicts the con-
centrations of PM2.5-10. The NMBs of RAD_MP_KF_Q for PM10 are 9%
at 36-km, and 4% at 12-km. As for SO2, RAD_MP_KF_Q performs the
best among all the simulations at 36-km, with an NMB of 32%, an
MFB of 22% (within the criteria of MFB � ±60%), and an MFE of 76%
(slightly over the criteria of MFE � 75%), but the NMB at 12-km
dramatically increases to 113.4% (with an MFB of 30% and an MFE
of 93%). Fig. 3 presents the overlay of the simulated and observed
monthly average concentrations of PM2.5, PM10, SO2, NO2, and CO at
the 36- and 12-km grid resolutions over Domain 2, and the corre-
sponding NMBs. The model generally captures the spatial distri-
butions of SO2 pollution (Fig. 3aeb). The significant change of NMBs
mostly occurs in Hebei area (Fig. 3ced), where the model under-
predicts the SO2 concentrations overmost of the cities in Hebei area



Fig. 2. Overlay of the simulated (RAD_MP_KF_Q) and observed monthly average concentrations of PM2.5, PM10, SO2, NO2, and CO (a) and their NMBs (b) over the Domain 1 at 36-km
grid resolution.

Table 3
Comparison of model performance on meteorological predictions of the
RAD_MP_KF_Q and the BASE simulations in terms of NMB over Domain 1 at 36-km
grid resolution, and Domain 2 at 36- and 12-km grid resolutions.

NMB (%) East Asia (Domain 1) Northern China (Domain 2)

Simulation
Name

BASE RAD_MP_KF_Q BASE
(36-km)

RAD_MP_KF_Q
(36-km)

RAD_MP_KF_Q
(12-km)

T2 �77 �61 �55 �46 �33
Q2 12 14 8 12 11
WS10 33 35 1 4 5
WD10 2 2 �0.2 0.1 �0.4
Precipitation �76 �3 �82 �19 �21
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at 36-km, but it shows noticeable overpredictions when nesting to
12-km. Since SO2 is more sensitive to the local source emissions,
this change implies that uncertainties exist in the spatial alloca-
tions of the emissions into a finer grid resolution. It may over-
estimate the SO2 emissions in the urban grids if the population
density was used as a surrogate to distribute the emissions into a
finer grid resolution, as discussed in L. T. Wang et al. (2014b). The
distribution of NMBs for NO2 and CO also shows the similar char-
acteristics between predictions at 36- and 12-km, despite to a lesser
extent comparing to those for SO2. The NMBs, MFBs, and MFEs of
NO2 predictions from RAD_MP_KF_Q are 36%, 27%, and 55% at 36-
km, and 40%, 12%, and 64% at 12-km, respectively, and those for
CO are 18%, 16%, and 55% at 36-km, and 36%, 10%, and 65% for 12-
km, respectively. In general, the model gives reasonable pre-
dictions and RAD_MP_KF_Q performs the best among all the 36-km
simulations over the Domain 2. The nested simulation at 12-km
further improves the performances for PM2.5 and PM10 but dete-
rioration occurs for SO2, NO2, and CO due partially to the un-
certainties in the spatial distribution of the emissions into the fine
grid resolution. The summary ofmodel performance improvements
of RAD_MP_KF_Q comparing with the BASE in terms of NMB over
both Domain 1 and 2 is presented in Table 5. The time series of the
observed and simulated (RAD_MP_KF_Q) concentrations at the
representative cities within Domain 2 are presented in the Section
5 of the supplementary material.

4. Emission sensitivity and policy implications

Fig. 4 shows the PM2.5 concentrations simulated by the optimal
configuration, i.e., RAD_MP_KF_Q (hereafter BASE_EMIS) and their
sensitivities to the emission reductions (by 30%) of SO2, NOx, NH3,
and VOCs individually and collectively, i.e., emissions of SO2, NOx,



Table 4
Domainwide statistics of chemical predictions over Domain 2 at 36- and 12-km grid resolutions.

Concentrations Simulation name Resolution (km) n Obs. Sim. MB NMB (%) NME (%) MFB (%) MFE (%)

PM2.5 (mg m�3) BASE 36 263.8 108.5 70 89 48 64
RAD 36 255.5 100.2 65 84 45 62
MP 36 244.8 89.5 58 79 42 60
CU_GD 36 262.9 107.5 69 88 48 64
CU_KF 36 264.9 109.6 71 89 48 64
RAD_MP_KF 36 50,433 155.3 236.6 81.3 52 75 40 59
RAD_MP_KF_TRI 36 238.0 82.7 53 75 40 59
RAD_WDM6_KF 36 252.4 97.1 62 82 45 61
PX_RAD_MP_KF_351 36 227.9 72.5 47 73 35 58
PX_RAD_MP_KF_Q_351 36 226.0 70.7 46 72 34 58
RAD_MP_KF_Q 36 233.5 78.2 50 73 39 58
RAD_MP_KF_Q 12 225.7 70.4 45 79 23 63

PM10 (mg m�3) BASE 36 271.9 49.8 22 55 19 51
RAD 36 263.9 41.7 19 53 17 50
MP 36 254.0 31.8 14 50 14 49
CU_GD 36 270.9 48.7 22 55 19 51
CU_KF 36 272.9 50.8 23 55 20 51
RAD_MP_KF 36 43,519 222.1 245.7 23.6 11 49 11 48
RAD_MP_KF_TRI 36 247.1 25.0 11 50 12 49
RAD_WDM6_KF 36 262.1 40.0 18 52 17 49
PX_RAD_MP_KF_351 36 231.6 9.4 4 51 4 51
PX_RAD_MP_KF_Q_351 36 229.4 7.3 3 51 3 51
RAD_MP_KF_Q 36 241.9 19.7 9 48 10 48
RAD_MP_KF_Q 12 231.7 9.6 4 56 �6 56

SO2 (mg m�3) BASE 36 167.4 68.2 69 110 45 82
RAD 36 161.5 62.3 63 106 42 81
MP 36 145.3 46.1 46 97 30 78
CU_GD 36 167.1 67.9 68 110 45 82
CU_KF 36 168.1 68.9 69 110 45 82
RAD_MP_KF 36 50,390 99.2 138.1 38.8 39 94 26 77
RAD_MP_KF_TRI 36 138.8 39.6 40 95 26 78
RAD_WDM6_KF 36 155.1 55.8 56 102 39 79
PX_RAD_MP_KF_351 36 181.2 82.0 83 128 41 85
PX_RAD_MP_KF_Q_351 36 175.3 76.1 77 124 38 84
RAD_MP_KF_Q 36 131.2 32.0 32 89 22 76
RAD_MP_KF_Q 12 212.6 113.4 114 165 30 93

NO2 (mg m�3) BASE 36 105.6 40.0 61 78 40 62
RAD 36 101.6 36.0 55 73 38 60
MP 36 93.8 28.2 43 65 31 57
CU_GD 36 105.5 39.9 61 78 40 62
CU_KF 36 105.8 40.2 61 78 41 62
RAD_MP_KF 36 50,442 63.5 90.6 25.0 38 62 28 55
RAD_MP_KF_TRI 36 90.9 25.3 39 62 29 55
RAD_WDM6_KF 36 101.1 35.5 54 72 38 59
PX_RAD_MP_KF_351 36 90.9 25.3 39 63 29 55
PX_RAD_MP_KF_Q_351 36 89.3 23.7 36 61 27 55
RAD_MP_KF_Q 36 89.4 23.8 36 60 27 55
RAD_MP_KF_Q 12 91.8 26.2 40 75 12 64

CO (mg m�3) BASE 36 3.6 0.9 32 66 25 59
RAD 36 3.4 0.7 26 64 22 58
MP 36 3.4 0.7 25 62 21 57
CU_GD 36 3.5 0.8 30 74 22 67
CU_KF 36 3.6 0.9 32 67 26 59
RAD_MP_KF 36 50,584 2.7 3.2 0.5 19 59 17 56
RAD_MP_KF_TRI 36 3.2 0.5 20 59 18 56
RAD_WDM6_KF 36 3.3 0.6 22 69 18 64
PX_RAD_MP_KF_351 36 3.5 0.8 28 67 21 60
PX_RAD_MP_KF_Q_351 36 3.5 0.8 29 69 21 60
RAD_MP_KF_Q 36 3.2 0.5 18 58 16 55
RAD_MP_KF_Q 12 3.7 1.0 36 81 10 65
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NH3, and VOCs are reduced by 30% individually (i.e., the simulations
SO2_30, NOx_30, NH3_30, and VOCs_30, respectively), those of SO2,
NOx, and NH3, are reduced simultaneously (i.e., the simulation
SO2_NOX_NH3_30), and those of SO2, NOx, NH3, and VOCs are
reduced by 30% simultaneously (i.e., the simulation
SO2_NOX_NH3_VOCs_30). It should be noted that lack of wet
scavenging will extend the lifetime of atmospheric aerosols and
soluble gaseous pollutants. The increase of the lifetime of some
precursors of PM2.5, e.g., SO2, NO2, NH3, and VOCs, will results in
differences in atmospheric chemistry and thus PM2.5 composition
and concentrations (Knote and Brunner, 2013; Garrett et al., 2006).
And extend of PM2.5 lifetime will lead to the changes in radiation,
cloud process, etc., in online-coupled simulations. Although it will
affect the performance statistics of a single simulation, it will not
lead to significant differences in predicted sensitivities, as both the
baseline and sensitivity simulations do not include wet scavenging.

As shown in Fig. 4b, the largest reduction in SO2 concentrations
due to 30% reductions in SO2 emissions occurs in the Sichuan Basin,
southern Hebei, Hubei, and northern Hunan, at the level of
2e15 mg m�3, which is about 2.5e10% of the PM2.5 concentrations



Fig. 3. Overlay of the simulated (RAD_MP_KF_Q) and observed monthly average concentrations of PM2.5, PM10, SO2, NO2, and CO, and their NMBs over the Domain 2 at 36- and 12-
km grid resolutions ((a) and (b), respectively), and NMBs at 36- and 12-km grid resolutions
((c) and (d), respectively).

Table 5
Comparison of model performance on air quality predictions of the RAD_MP_KF_Q
and the BASE simulations in terms of NMB over Domain 1 at 36-km grid resolution,
and Domain 2 at 36- and 12-km grid resolutions.

NMB (%) East Asia (Domain 1) Northern China (Domain 2)

Simulation
Name

BASE RAD_MP_KF_Q BASE
(36-km)

RAD_MP_KF_Q
(36-km)

RAD_MP_KF_Q
(12-km)

PM2.5 47 31 70 50 45
PM10 7 4 22 9 4
SO2 73 33 69 32 114
NO2 26 9 61 36 40
CO 12 1 32 18 36
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predicted by BASE_EMIS. These results show that 30% reduction of
SO2 emissions will not result in significant decreases in PM2.5
concentrations.

Emission reduction of NOx will lead to an notable increase
(instead of decrease) in PM2.5 concentrations over the NCP, espe-
cially southern area of Hebei, Shandong, and northern area of
Henan. The increases are 2e25 mg m�3, which are 2.5e8.3% of the
PM2.5 concentrations from BASE_EMIS. This is because the NCP area
is under the NH3-rich and VOC-limited conditions which are dis-
cussed in Section 6 in the supplementary material.

It should be noted that the observational data of the indicators
mentioned in the Section 6 in the supplementay material are not
available over China to verify simulatedmodel sensitivity. However,
the observations of another indicator, i.e., the ratios of columnmass
abundance of HCHO/NO2 (Tonnesen and Dennis, 2000a, b; Y. Zhang
et al., 2009b, 2010b), can be calculated from the satellite observed
columnmass concentrations of HCHO and NO2. Fig. 5 compares the
simulated and observed tropospheric column mass abundance of
HCHO and NO2, and their ratios. The observed column mass
abundances are derived from the Ozone Monitoring Instrument
(OMI) on the Aura satellite launched by the National Aeronautics
and Space Administration. Both HCHO and NO2 columns are level-3
monthly averaged retrieval data available to the public, which are
then interpolated to the 36-km grid resolution using the bilinear
interpolation of the NCAR command language (http://www.ncl.
ncar.edu). Fig. 5 indicates that the model predictions agree quite
well in terms of not only the tropospheric column of HCHO and
NO2, but also their ratios, especially over northern China. The values
of HCHO/NO2 over the NCP are around 0.5, which clearly indicates
the VOC-limited regime (HCHO/NO2 < 1). This is also consistent
with the studies of Zhang et al. (2009a,b), Liu et al. (2010), and Zhao

http://www.ncl.ncar.edu
http://www.ncl.ncar.edu


Fig. 4. PM2.5 concentrations and the sensitivities to the emission changes of SO2, NOx, NH3, and VOCs over the Domain 1 by RAD_MP_KF_Q simulation (emission reduction
simulation e BASE_EMIS). (a) The predicted baseline PM2.5 concentrations. Change in PM2.5 concentrations and percentages when (b) SO2 emissions are reduced by 30%. (c) NOx

emissions are reduced by 30%. (d) NH3 emissions are reduced by 30%. (e) VOCs emissions are reduced by 30%. (f) SO2, NOx, and NH3 emissions are reduced by 30% simultaneously. (g)
SO2, NOx, NH3, and VOCs emissions are reduced by 30% simultaneously.
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et al. (2013).
Therefore, the reduction of NOx emissions will result in an in-

crease in the concentrations of oxidants such as O3 and HOx. The
elevated concentrations of those oxidants and radicals accelerate
the generation of secondary organic and inorganic aerosols such as
sulfate and nitrate, which compensates the effect of the decreased
NOx concentrations on the nitrate formation. The declined PM2.5
concentrations occur over southern China such as eastern area of
Sichuan, Chongqing City, Guizhou, Guangxi, and Hunan, by
5e30 mgm�3 (by 5e13%) which is also consistent with the results of
Zhao et al. (2013).

PM2.5 concentrations are more sensitve to reductions in NH3
emissions in southern China, i.e., along and in regions located in the
south of the Yangtze River. A 30% reduction of NH3 emissions re-
sults in a decrease of roughly 5e15 mg m�3 in PM2.5 concentrations,
accounting for 2e8% of baseline PM2.5 concentrations. There are not
significant changes in PM2.5 concentrations over NCP, due to the
NH3-rich condition over this area. Reduction in VOCs emissions, as
shown in Fig. 4e, reduces PM2.5 concentrations over eastern China,
especially over NCP, Henan, Jiangsu, and Anhui, by 5e50 mgm�3 (by
4e18%) which is consistent with the VOC-limited regimewhere the
reduced VOCs concentrations result in a decrease in oxidants
concentrations that leads to the decrease of sulfate and nitrate
concentrations. The secondary organic aerosols are decreased, due
to decreases in both oxidants concentrations and primary VOCs
emissions.

The combined emission controls, e.g., reducing SO2, NOx, and
NH3 emissions simultaneously by 30%, reduce the PM2.5 concen-
trations over southern China by 5e40 mg m�3 (2e17%, see Fig. 4f),
but slightly increase those in the intersection area of Hebei, Henan,
and Shandong provinces, due to the characteristics of NH3-rich and
VOC-limited conditions in those areas. When emissions of the four
primary pollutants, SO2, NOx, NH3, and VOC are controlled simul-
taneously, as shown in Fig. 4g, the PM2.5 concentrations decrease
over most areas of eastern and southern China, by 5e41 mg m�3,
which corresponds to 2e17% of the PM2.5 concentrations predicted



Fig. 5. Spatial distribution of the simulated (RAD_MP_KF_Q) and satellite observed monthly mean column mass abundances of HCHO, NO2 and HCHO/NO2 over Domain 1.
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by BASE_EMIS. These results imply that NOx emissions controls,
which are considered to be one of the major tasks in the China
national pollution control plan (Zhao et al., 2013), should be
accompanied with the controls of other pollutants, especially VOCs,
which is important to reduction of the severe PM2.5 pollution
during the winter time over NCP, the top polluted area in China.

5. Conclusions

In this study, the online-coupled meteorology-air quality model,
WRF/Chem, is applied to simulate the extremely severe haze
pollution in January 2013 over East Asia and the north China at 36-
and 12-km grid resolutions, respectively. A total of 11 simulations
are conducted to examine the sensitivities of the model predictions
to the physical schemes, i.e., shortwave and longwave radiation
schemes, land surface and surface layer models, planetary bound-
ary layer scheme, cumulus parameterization, and microphysics
scheme. The results show that all simulations perform similarly for
T2, Q2, WS10, and WD10, but give substantially different precipi-
tation predictions. Using a smaller nudging coefficient of 1 � 10�5

for water vapor mixing ratio, instead of the original 3 � 10�4,
significantly reduces the negative bias of precipitation predictions.
The concentrations of four major pollutants, PM2.5, PM10, SO2, NO2,
and CO are overpredicted due mainly to the lack of wet scavenging
for the SAPRC99-MOSAIC/VBS option in WRF/Chem versions 3.5
and 3.5.1. The optimal configuration with the best overall perfor-
mance identified in this work is RAD_MP_KF_Q, that is, the simu-
lation with the Gorddard shortwave and RRTM longwave radiation
schemes, the Purdue Lin microphysics scheme, the Kain-Fritsch
cumulus scheme, and a nudging coefficient of 1 � 10�5 for water
vapor mixing ratio. The nested simulation at the 12-km resolution
improves the performance for PM2.5 and PM10 but deteriorates that
for SO2, NO2, and CO, partially because of the uncertainties in the
spatial allocation of the emissions into a finer grid resolution.

The results of emission sensitivity simulations show that PM2.5
levels in northern China are more sensitive to the emissions of NOx,
SO2, and VOCs than those of NH3. While a 30% reduction in the
emissions of SO2 and VOCs leads to a decrease of 2e15 mg m�3 and
5e50 mg m�3, respectively, in PM2.5 concentrations, NOx emission
reduction adversely increases the PM2.5 concentrations by
2e25 mg m�3, due to the NH3-rich and VOC-limited atmospheric
conditions over northern China. In southern China, PM2.5 concen-
trations are more sensitive to emissions of NOx and NH3. A 30%
reduction of NOx emissions leads to a decrease of 5e30 mg m�3 in
PM2.5 concentrations and the reduction of NH3 emissions results in
a decrease of roughly 5e15 mg m�3. Reductions of VOCs emissions
reduce PM2.5 over eastern China by about 5e50 mg m�3. While the
combined emission controls of SO2, NOx, and NH3 by 30% leads to a
large reduction in PM2.5 concentrations over southern China, it
increases PM2.5 concentrations in northern China. When the
emissions of SO2, NOx, NH3, and VOCs are controlled simulta-
neously, the PM2.5 concentrations decrease over most areas of
eastern and southern China by roughly 5e41 mg m�3 (by 2e17%).
The results in this work indicate that more aggressive, combined
emission control strategies are needed to mitigate the severe
pollution over northern China to reach the objective of 25% PM2.5
concentration reduction in 2017 proposed in the Action Plan for Air
Pollution Prevention and Control by the State Concil in 2013.
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