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a b s t r a c t

The rapid growth of energy consumption in conjunction with economic development during past
decades in East Asia, especially China, caused severe air pollution problems at local and regional scales.
Understanding of the meteorological conditions for air pollution is essential to the understanding of the
formation mechanism of air pollutants and the development of effective emission control strategies
to reduce air pollution. In this paper, the Fifth Generation National Center for Atmospheric Research
(NCAR)/Pennsylvania State University (PSU) Mesoscale Model (MM5) modeling system is applied to
simulate meteorological fields during selected six 1-month periods in 2007/2008 over a triple-nested
modeling domain covering East Asia, the eastern China, and Shandong Province at horizontal grid
resolutions of 36-, 12-, and 4-km, respectively. MM5 generally reproduces well the observations in the
eastern China but performs worse in the western China and northeastern China. Largest biases occur
in 2-m temperatures (T2) and wind speed and wind direction at 10-m in haze months (i.e., winter) and
daily mean precipitation (Precip) in non-haze months (i.e., summer), due to limitations of the model in
simulating snow cover and convective precipitation. Meteorological predictions agree more closely with
observations at urban sites than those at the coastal and mountain sites where the model performance
deteriorates because of complex terrains, influences of urban heat island effect and land/sea breezes, and
higher elevations. Model results at 12-km in Shandong Province show an overall better performance than
those at 4- or 36-km while the results at 4-km show worst performance due to inaccurate land use and
the model’s incapability in simulating meteorological processes at a fine scale.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The population of 1330 millions in China accounts for 20%
of the world’s total population as of 2008. The rapid growth of
energy consumption in conjunction with the economic develop-
ment during the past 20 years in East Asia, especially China, has
resulted in a dramatic increase of emissions of major trace gases
and aerosols and subsequently severe air pollution at local and
regional scales. Shandong Province, located in the northeast coast
of China and adjacent to Korea and Japan across Bohai Sea, has the
highest emissions of sulfur dioxide (SO2), nitrogen oxides (NOx),
and particulate matter (PM) in China (http://zls.mep.gov.cn/hjtj/
nb/2008tjnb/201004/t20100421_188500.htm). High emissions of
air pollutants, especially those from coal combustions in winter,
coupled with the complex terrain and anti-cyclone system in
Shandong Province, have large impacts on urban and regional air
All rights reserved.
quality. The most visible impact of air pollution is the haze,
a brownish layer of pollutants from biomass burning and
industrial emissions pervading in many regions such as most of
the tropical Indian Ocean, South, Southeast and East Asia, which
was found during the Indian Ocean Experiment (INDOEX) (UNEP
and C4, 2002) and known as “Asian Brownish Clouds” (Wu,
2005, 2006). Regional haze can directly impact temperature,
precipitation, PM formation, visibility, human health, agriculture
and sustainable development (Pope et al., 2004). Furthermore,
the reduction of radiation and sunshine by haze that persists for
a long time indirectly affects climate (Kaiser and Qian, 2002) and
the meteorological transport of air pollutants that causes the
vast extent haze to happen. The heavy haze occurs in the Pearl
River Delta region of China where a number of observational and
modeling studies have been conducted (e.g., Wang et al., 2003,
2006; Cao et al., 2004; Hagler et al., 2006; Andreae et al., 2008;
Wu et al., 2008a; Garland et al., 2008; Xiao et al., 2009; Tan et al.,
2009; Jung et al., 2009; Yu et al., 2010; Yue et al., 2010; Rose et al.,
2010). These studies focused on characteristics of regional haze,
the impact of regional haze on climate, the relationship between
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emission types and regional haze, and transport of air pollutants.
Studies on the impact of the regional haze in China or East Asia on
precipitations, climate, and visibility reductions in other regions
have also been conducted (e.g., Ramanathan et al., 2001; Yu et al.,
2001; Kaiser and Qian, 2002; Wang et al., 2002; Radojevic, 2003;
Ge, 2008; Liu et al., 2010a,b). For example, Ramanathan et al.
(2001) studied the impact of haze on the climate in Indian or
Southeast Asia and found that the absorbing haze decreased
surface solar radiation, and also affected the rainfall pattern and
hydrological cycle. The presence of haze and its optical properties
in Indian have been studied (e.g., Franke et al., 2003; Mitra and
Sharma, 2002). The impact of transport of regional haze in East
Asia to Singapore and U.S. on local air quality has also been
evaluated (e.g., Koe et al., 2001; Wang et al., 2009).

In this study, the Pennsylvania State University (PSU)/National
Center for Atmospheric Research (NCAR) Mesoscale Modeling
System Generation 5 version 3.7 (MM5) is applied to simulate
meteorological conditions during haze and non-haze periods in
China, their seasonal variations, and meteorological conditions
during the 2008 Olympic Games. The Planetary Boundary Layer
Model (PBL) and Land Surface Model (LSM) parameterizations are
important to MM5 applications for air quality studies (Betts et al.,
1997; Ku et al., 2001; Xiu and Pleim, 2001; Zhang et al., 2001;
Athanassiadis et al., 2002; Pino et al., 2004; Miao et al., 2007,
2008; Misenis and Zhang, 2010). The Pleim-Xiu Land Surface
Model (PX-LSM) of Pleim and Xiu (1995) with soil moisture
nudging can provide more accurate near surface meteorology in
air quality modeling and precipitation simulations than the Noah
Land surface scheme (Pleim et al., 2001; Xiu and Pleim, 2001). In
this paper, nested simulations using MM5 with the PX-LSM with
soil moisture and temperature nudging, reanalysis nudging, and
observational nudging are conducted and evaluated using rean-
alysis data and in-situ observational data. Our objectives are to
evaluate MM5 performance in reproducing observed meteoro-
logical variables during regional haze and non-haze period and
examine their seasonal variations and implications on air quality.
Air quality simulations using the U.S. EPA Community Multiscale
Air Quality (CMAQ) modeling system with MM5 predictions in
this study are described in Liu et al. (2010a,b), and Xing et al.
(2011).
Fig. 1. The triple-nested modeling domains at 4-km (Sh
2. Model configurations and datasets for model evaluation

2.1. Episode and model configurations

Six 1-month periods in 2007 and 2008 are selected for
MM5 simulations: December, 2007 and January, April, July, August,
and October 2008. The frequency of regional haze inwinter is much
higher than that in other seasons, so the simulations of December
2007 and January 2008 are used to represent the time period with
regional haze; the simulations of January, April, July and October
are used to understand the seasonal variation of meteorological
process in China, especially in the eastern China where the air
pollution is the most severe; the simulation of August is used to
understand the meteorological conditions and provide meteoro-
logical inputs for CMAQ to evaluate the impact of the control of
emissions on air quality during the period of the 2008 Olympics
games in China, as compared with that before the 2008 Olympics
games in July.

The modeling domains consist of a 36� 36 km2 domain covering
East Asia, including Korea, Japan, and China, a 12 � 12 km2 nested
domain covering the eastern China, including Beijing, Tianjin, Hebei,
Henan, Anhui, Shanghai, South of China and Shandong Province,
and a 4 � 4 km2 nested domain covering Shandong Province. Fig. 1
shows the triple-nested domains. For all domains, 23 layers are
used for MM5 simulations extending from surface to tropopause
(14.6 km) with about 36 m in the first layer. Two sets of publicly
available reanalysis data (i.e., The National Centers for Environmental
Prediction (NCEP)eFinal analysis data (FNL) and Global Forecast
System (GFS)) are used to obtain the best dataset for initial and
boundary conditions (IC and BC). The NCEP data have a horizontal
resolutionof 1� �1� for every 6-h interval,whereas theGFS data have
a horizontal resolution of 0.5� � 0.5� for every 3-h interval. The-
terrain height and vegetation/land use data are taken from the 25-
category USGS Vegetation Data derived from raw data with 30 s
resolution (corresponding to 0.925 km) ftp://ftp.ucar.edu/mesouser/
MM5V3/TERRAIN_DATA/. For other types of data such as landewater
mask, soil, vegetation fraction, and annual deep soil temperature, the
data with resolutions of 10, 5, and 2 min (corresponding to 18.5 km,
9.25 km, and 3.7 km, respectively) are usedwhen available for the 36-
km, 12-km, and 4-km simulation domains, respectively, otherwise
andong), 12-km (East China), and 36-km (China).

ftp://ftp.ucar.edu/mesouser/MM5V3/TERRAIN_DATA/
ftp://ftp.ucar.edu/mesouser/MM5V3/TERRAIN_DATA/
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data at a coarser resolution will be used. For example, vegetation
fraction data is only available at a 10 min resolution and annual deep
soil temperature data is only available at a resolution of 1�. Table 1
shows the physics configurations used in model simulations. Four
Dimensional Data Assimilation (FDDA) used in these simulations
includes deep soil nudging, and reanalysis and observational
nudging. The NCEP Automated Data Processing (ADP) Global Upper
Air Observation Subsets with dataset numbers DS351.0 and DS461.0
obtained from NCAR/Scientific Computing Division (SCD)/Data
Support Section (DSS) are used for the analysis and observational
nudging. MM5 model simulations are conducted at 36- and 12-km
over China and the eastern China for six one-month periods (i.e.,
December 2007, January, April, July, August and October 2008) and at
4-km over Shandong Province for two one-month periods (i.e.,
December 2007 and January 2008). The MM5 simulations started on
November 23 to allow 7 days as spin up days to reduce the effect of IC
on meteorology and CMAQ.

2.2. Datasets and evaluation protocols

Global Surface Data from the National Climatic Data Center
(NCDC) available every 6-h at 358 sites in China are used to evaluate
model results. Additional measurements data from Shangdong
University for sites in Shangdong province during Dec. 2007 and Jan.
2008 are also used. The meteorological parameters evaluated focus
on five major variables that affect air pollution: 2-m temperature
(T2), 2-m relative humidity (RH2), 10-m wind speed (WSP10),
10-m wind direction (WDR10), and daily mean precipitation (Pre-
cip). Simulation results are compared with observations in terms of
spatial distribution, temporal variations, and performance statistic
following the evaluationprotocol of Zhang et al. (2006) andWu et al.
(2008b). The statistics evaluated include correlation coefficient (R),
Mean Bias (MB), Root Mean Square Error (RMSE), Normalized mean
bias (NMB), and Normalized mean error (NME).

3. Simulation results

3.1. Evaluation of impact of different datasets for IC and BC

Two high e resolution datasets (NCEP FNL (1 � 1�) and GFS
(0.5� � 0.5�)) are used to generate IC and BC for MM5 at 36-km
to evaluate the impact of different initialization datasets on MM5
simulation. Since the largest cold bias in temperatures is found for
Dec. 2007 and Jan. 2008, the two months are selected for this
evaluation. Table 2 compares the performance statistics for T2, RH2,
WSP10, WDR10, and Precip for the 36-km simulations using these
two datasets for the two months. The simulations with the GFS
dataset have larger MB, RMSE, NMB and NME than those with the
FNL dataset. For example, the MBs of T2 are �1.7 and �2.2 �C with
Table 1
MM5 model configurations used in this study.

Process Parameterization or Scheme

Land Surface Model Pleim-Xiu LSM
Planetary Boundary Layer Model Pleim-Xiu
Cloud Microphysics Mixed-Phase
Cumulus Scheme Kain-Fritcsh (KF)
Shallow Convection No Shallow Convection
Longwave Radiation Dudhia
Shortwave Radiation Dudhia
Analysis Nudging Yes
Nudging coefficients for Temperature 3.0 � 10�4 s�1

Nudging coefficients for Moisture 1.0 � 10�4 s�1

Nudging coefficients for Wind (u and v) 3.0 � 10�4 s�1

Observational Nudging Yes
Soil Nudging Yes
the FNL dataset and �3.0 and �3.7 �C with the GFS dataset in
Dec. 2007 and Jan. 2008, respectively. The systematical under-
predictions in T2 are likely due to the model limitations in simu-
lating snow cover and the fact that the spin up period may still be
too short, particularly in winter months. For RH2, the simulation
with the FNL dataset gives larger absolute values of MB and NMB in
Dec. but larger absolute values of MB and NMB in Jan. The simu-
lation with the FNL dataset gives better performance for WSP10,
WDR10, and Precip in both months than that with the GFS dataset.
As shown in Fig. 2, differences exist in simulated spatial distribu-
tions with both datasets. For example, compared with results with
the FNL dataset, the simulation with the GFS dataset gives a larger
cold bias in T2, particularly in the eastern China, lower RH2 values
in the southern China, slightly lower Precip amounts over land
but higher over the Pacific ocean. Overall, the simulations with the
FNL dataset perform better in terms of domain-wide statistics
and spatial distribution; it is therefore used for IC and BC for all the
simulations.

3.2. Evaluation of six-month simulations at 36- and 12-km

3.2.1. Spatial distributions and domain-wide statistics
Fig. 3 shows similar overlay plots for T2, RH2, WSP10, and

precipitation from the 36-km simulation with the FNL dataset but
for the remaining four months (Apr., Jul., Aug., and Oct.). The spatial
distributions at 12-km are not shown because they are similar
to those at 36-km. The domain-wide performance statistics for all
six months are summarized in Table 2. The seasonal variation of
observed T2 is overall captured; despite some differences in the
magnitudes in some regions. Underpredictions in T2 occur at the
NCDC sites in the western China and overpredictions occur in
the eastern China in all months. Underpredictions dominate over
overpredictions, resulting in NMBs of �28 to �3% and MBs ranging
from �2.2 �C to�0.6 �C. Simulated T2 agree well with observations
with MBs within 1 �C except for December 2007 and January 2008.
The largest cold bias occurs in both months in the western China
where the Mt. Himalayas with thick snows is located, which is
consistent with Ma et al. (2008). Such a large cold bias indicates the
incapability of MM5 in reproducing observed snow cover. Simu-
lated T2 values and their spatial variations at 36-km in Jul. and Aug.
are closer to observations with NMBs of �4 to �3% and MBs of
�0.8 �C to�0.6 �C. Observed RH2 values in summer are higher than
those in other months, which is reproduced by MM5. Simulated
RH2 values agree well with observations in most of China but
underpredictions dominate the domain-wide statistics in all
months except for Jan. with NMBs of�9.0% to 3.0% andMBs of�5.9
to 1.8%. RH2 is overpredicted in Dec. and Jan. and underpredicted in
other months in the northeast of China. Variation of observed
WSP10 from season to season and from region to region is not
evident. WSP10 in the western China is overpredicted with NMBs
andMBs ranging from 40 to 86% and 1.0 to 2.2 m s�1, respectively in
all months, which may blow too much amount of pollutants out of
the domain, partially responsible for the underpredictions of
concentrations of air pollutants such as SO2 and NO2 (Liu et al.,
2010a). Simulated WSP10 is the highest in spring, consistent with
observations. This can partially explain simulated higher SO2

concentrations in Oct. than in Apr. due to lower ventilation rates in
Oct., as shown in Liu et al. (2010a). SimulatedWDR10 deviates from
observations by �31.5 to �18.8�. One limitation of evaluating
WDR10 is that it is a vector, the numeric values of differences
between the observations and predictions may not reflect well the
actual differences in the wind rose plots when those values are
greater than 180�, as indicated in Zhang et al. (2006). Observed
precipitation in the eastern China is larger than that in other
regions. Heavy rain resulted from convective clouds/precipitations



Table 2
Perform statistics of MM5 predictions at 36-km over China.

Month MeanObs MeanMod Ra MBa RMSEa NMB(%)a NME(%)a

T2 GFS Dec 8.9 5.9 0.7 �3.0 5.3 �34.1 44.8
Jan 7.6 3.9 0.6 �3.7 6.7 �48.8 63.1

FNL Dec 8.7 7.0 0.8 �1.7 4.3 �19.0 35.0
Jan 7.9 5.7 0.7 �2.2 5.4 �28.0 47.0
Apr 13.9 12.8 0.8 �1.0 4.3 �8.0 22.0
Jul 19.6 19.0 0.8 �0.6 4.1 �3.0 16.0
Aug 18.9 18.1 0.8 �0.8 3.9 �4.0 16.0
Oct 14.1 12.9 0.9 �1.2 3.8 �9.0 20.0

RH2 GFS Dec 60.1 58.4 0.6 �1.7 23.8 �2.8 30.1
Jan 61.9 66.4 0.5 4.5 24.7 7.2 30.0

FNL Dec 60.2 57.9 0.7 �2.3 21.1 �4.0 27.0
Jan 60.1 61.9 0.6 1.8 22.9 3.0 29.0
Apr 53.5 53.0 0.7 �0.5 21.0 �1.0 29.0
Jul 67.7 64.0 0.7 �3.7 19.6 �6.0 22.0
Aug 68.8 64.9 0.7 �3.9 19.1 �6.0 21.0
Oct 64.3 58.4 0.7 �5.9 21.4 �9.0 25.0

WSP10 GFS Dec 2.4 4.9 0.4 2.5 3.7 101.5 118.9
Jan 2.6 4.8 0.4 2.2 3.3 85.7 102.3

FNL Dec 2.4 4.0 0.4 1.5 2.7 63.0 86.0
Jan 2.6 4.8 0.4 2.2 3.3 86.0 102.0
Apr 3.0 4.6 0.5 1.5 2.9 50.0 73.0
Jul 2.6 3.6 0.4 1.0 2.4 40.0 71.0
Aug 2.4 3.5 0.4 1.1 2.3 45.0 74.0
Oct 2.5 3.8 0.4 1.4 2.5 56.0 80.0

WDR10 GFS Dec 215.7 151.6 0.0 �64.2 192.5 �29.7 62.7
Jan 211.3 180.7 0.2 �30.7 183.6 �14.5 52.9

FNL Dec 215.4 189.6 0.2 �25.8 182.8 �12.0 50.0
Jan 211.4 180.7 0.2 �30.7 183.6 �15.0 53.0
Apr 204.2 185.4 0.2 �18.8 162.7 �9.0 46.0
Jul 195.2 172.7 0.2 �22.5 162.0 �12.0 48.0
Aug 196.0 170.5 0.2 �25.6 170.1 �13.0 50.0
Oct 207.6 176.1 0.2 �31.5 181.0 �15.0 50.0

Precip GFS Dec 3.0 2.1 0.2 �0.9 7.6 �31.5 120.3
Jan 3.7 4.0 0.0 0.4 40.0 10.0 156.2

FNL Dec 3.0 2.4 0.3 �0.6 6.4 �20.0 115.0
Jan 3.5 3.9 0.4 0.4 7.0 11.0 110.0
Apr 7.2 4.7 0.3 �2.5 15.2 �34.0 110.0
Jul 11.8 8.9 0.2 �2.8 26.3 �24.0 118.0
Aug 10.9 7.6 0.2 �3.2 23.2 �30.0 120.0
Oct 6.5 5.6 0.3 �1.0 14.4 �15.0 118.0

Precip e Precipitation, RH2 e 2 m Relative Humidity, T2 e 2 m Temperature, WDR10 e 10 m Wind Direction, WSP10 e 10 m Wind Speed.
a R e Correlation Coefficient, MB e Mean Bias, RMSE e Root Mean Square Error, NMB e Normalized mean bias, NME e Normalized mean error.
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occurs in summer in this region, which leads to the lowest PM10
concentrations in Jul. among all months, as reported in Liu et al.
(2010a). The daily mean precipitation (convective and non-
convective) is underpredicted in most of China with NMBs of
�34% to 11% and MBs of �3.2 mm to 0.4 mm in all months except
for January during which four episodes with severe and persistent
snow storms occurring from 10 January to 2 February (Gao, 2009).
The circulation patterns in Dec. and Jan. are similar but the snow
storms in Jan. are heavier than those in Dec. which may explain the
opposite trend in the simulated precipitation in both months.
Compared with other meteorological variables, the observational
data for precipitation are sparse in some regions such as the Tibetan
Plateau, which introduces some uncertainties in model perfor-
mance in such regions.

The performance statistics are calculated using observations at
all sites within the 12-km domain from the simulations at 36-
and 12-km to evaluate the sensitivity of MM5 predictions to hori-
zontal grid resolution over the eastern China, as shown in Table 3.
Compared with results at 36-km, the nested 12-km simulations for
T2 are slightly better than those at 36-km in all the months except
slightly worse in January and July with MBs ranging from�1.2 �C to
0.6 �C at 36-km and �1.4 �C to 0.7 �C at 12-km. The NMBs and MBs
in RH2 are smaller at 12-km inwinter and spring but slightly larger
in summer and fall. The NMBs and MBs for WSP10 and WDR10 at
12-km are generally smaller than those at 36-km, likely because the
model performance over the eastern domain at 36-km is somewhat
affected by its incapability in accurately simulating wind patterns
around Mt. Himalayas located at the western China. The MBs in
precipitation range from �5.1 mm to �0.5 mm at 36-km and from
�4.0 mm to �0.6 mm at 12-km, also with better agreement with
observations at 12-km.

3.2.2. Temporal variations
To understand model performance at local scale, four major

cities (i.e., Beijing, Xi’an, Shanghai, and Guangzhou) are selected to
represent different regions of China for detailed temporal variation
analyses for the six months at 36- and 12-km. Beijing is the
largest city in China featured with hot humid summers and cold
dry winters with virtually no precipitation. The winter cold
weather is due to Siberian air masses that move southward across
the Mongolian Plateau. The summers are hot owing to warm and
humid monsoon winds from the southeast, bringing most of
its annual precipitation. It suffers severe air pollution problems as
a consequence of large population and fast economic growth. The
emissions of major air pollutants were controlled to ensure a good
air quality during the Olympics Games in August 2008. Xi’an is the
biggest city in the western China. It is situated in the Guanzhong
Plain, borders on the Loess Plateau to the north and the Qinling
Mountains to the south. The weather is affected by continental
monsoon. The air is very cold and dry and the concentrations of PM



Fig. 2. Simulated monthly-average meteorological parameters overlaid with NCDC observations (symbol as circle) during 12/01/2007 to 01/31/2008 initiated with FNL and GFS
datasets.

Fig. 3. Spatial distributions of simulated T2, RH2, WSP10, and Precipitation at 36-km overlaid with observations (symbols as circle). The FNL datasets were used to initiate the
simulations.
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Table 3
Performance statistics of MM5 simulations at 36- and 12-km over the eastern China.

Month MeanObs MeanMod Ra MBa RMSEa NMB(%)a NME(%)a

36 km 12 km 36 km 12 km 36 km 12 km 36 km 12 km 36 km 12 km 36 km 12 km 36 km 12 km

T2 Dec 7.4 8.5 6.3 7.3 0.7 0.8 �1.1 �1.1 3.9 3.8 �14.2 �13.5 35.7 29.1
Jan 7.5 7.5 6.3 6.1 0.7 0.7 �1.2 �1.4 4.9 4.8 �16.0 �19.0 41.0 38.0
Apr 14.9 14.9 14.8 14.8 0.9 0.9 �0.2 �0.2 3.2 3.1 �1.0 �1.0 16.0 15.0
Jul 22.1 22.1 22.6 22.7 0.6 0.6 0.6 0.7 3.2 3.1 3.0 3.0 10.0 10.0
Aug 21.2 21.2 21.4 21.4 0.7 0.7 0.2 0.2 3.0 2.9 0.9 1.1 10.2 9.8
Oct 15.8 15.8 15.3 15.3 0.9 0.9 �0.5 �0.4 3.0 2.9 �3.0 �3.0 14.0 13.0

RH2 Dec 72.4 69.9 60.2 62.3 0.6 0.6 �12.2 �7.6 19.9 20.1 �16.8 �10.2 24.8 21.4
Jan 68.6 68.6 62.2 63.0 0.7 0.7 �6.3 �5.6 19.6 18.6 �9.0 �8.0 22.0 20.0
Apr 67.4 67.4 61.1 61.2 0.8 0.8 �6.3 �6.2 18.1 18.2 �9.0 �9.0 20.0 20.0
Jul 75.8 75.8 69.5 67.9 0.7 0.7 �6.4 �7.9 16.6 17.4 �8.0 �11.0 20.0 18.0
Aug 76.6 76.6 69.5 67.3 0.7 0.6 �7.1 �9.3 16.9 18.8 �9.3 �12.1 16.9 18.9
Oct 70.4 70.4 60.9 60.4 0.7 0.7 �9.5 �10.0 19.8 20.4 �14.0 �14.0 21.0 22.0

WSP10 Dec 2.5 2.6 3.7 3.8 0.5 0.5 1.1 1.2 2.4 2.3 44.8 47.1 72.4 71.1
Jan 2.7 2.7 4.6 4.1 0.5 0.5 1.9 1.4 2.9 2.4 71.0 50.0 87.0 71.0
Apr 3.1 3.1 4.3 4.3 0.5 0.5 1.3 1.2 2.5 2.6 41.0 39.0 65.0 63.0
Jul 2.7 2.7 3.6 3.6 0.4 0.5 0.9 0.9 2.2 2.2 34.0 32.0 64.0 63.0
Aug 2.5 3.1 3.4 4.3 0.5 0.5 0.9 1.2 2.2 2.5 36.8 38.5 66.4 62.6
Oct 2.5 2.5 3.7 3.6 0.5 0.5 1.2 1.1 2.3 2.2 49.0 45.0 73.0 69.0

WDR10 Dec 215.4 211.8 173.0 177.8 0.2 0.2 �42.4 �34.0 190.6 190.5 �19.7 �16.0 53.8 51.3
Jan 205.5 205.5 162.0 165.1 0.2 0.2 �43.5 �40.4 197.2 195.3 �21.0 �20.0 58.0 57.0
Apr 198.1 198.1 172.5 171.8 0.2 0.2 �25.5 �26.3 167.0 167.8 �13.0 �13.0 45.0 44.0
Jul 192.7 192.7 168.5 168.8 0.2 0.2 �24.2 �23.9 163.2 161.7 �13.0 �12.0 45.0 45.0
Aug 193.5 193.5 166.8 167.3 0.2 0.2 �26.7 �26.2 176.2 176.9 �13.8 �13.5 48.9 49.1
Oct 207.0 207.0 167.1 168.5 0.2 0.2 �39.9 �38.5 196.4 195.5 �19.0 �19.0 52.0 51.0

Precip Dec 3.5 3.4 2.2 2.3 0.2 0.3 �1.3 �1.1 6.5 6.5 �36.6 �31.9 110.4 109.3
Jan 4.0 4.0 3.5 3.4 0.4 0.3 �0.5 �0.6 6.6 6.8 �13.0 �16.0 98.0 98.0
Apr 9.0 9.0 5.3 6.2 0.3 0.2 �3.7 �2.9 17.9 22.0 �41.0 �32.0 101.0 109.0
Jul 14.8 14.8 11.2 13.2 0.2 0.1 �3.7 �1.6 33.1 43.3 �25.0 �11.0 123.0 139.0
Aug 14.3 14.3 9.2 10.3 0.2 0.2 �5.1 �4.0 29.2 35.7 �35.5 �28.1 117.3 126.3
Oct 7.4 7.4 5.4 5.5 0.3 0.2 �2.0 �1.9 15.3 18.2 �27.0 �26.0 112.0 117.0

Precip e Precipitation, RH2 e 2 m Relative Humidity, T2 e 2 m Temperature, WDR10 e 10 m Wind Direction, WSP10 e 10 m Wind Speed.
a R e Correlation Coefficient, MB e Mean Bias, RMSE e Root Mean Square Error, NMB e Normalized mean bias, NME e Normalized mean error.
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are higher in winter than those in other seasons (Zhang et al.,
2002). Shanghai, located in the eastern China, has very cold and
humid winters with few snowfall and hot and humid summers.
June and July are the “plum rain season”, characterized by gloomy
and rainy weather. It is a center of economy in China where the
rapid economic development has resulted in severe air pollution
(Ye et al., 2003). Guangzhou is one of the major cities in the Pearl
River Delta region in the southern China with sufficient sunshine
and rainfall, and little frost and snow where the heavy haze often
occurs (Wang et al., 2003; Cao et al., 2004; Hagler et al., 2006; Wu
et al., 2008a).

Figs. 4e8 show temporal variations of T2, RH2, WSP10, WDR10,
and Precip in the four cities during the six months. In Beijing,
simulated temperatures during all months generally agreewell with
observations in terms of diurnal variations and magnitudes,
although the minimal temperatures are underpredicted in Dec.
and Jan. because MM5 could not capture well snow covers, and the
simulated maximum temperatures are overpredicted in Jul., Aug.,
and Oct., likely due to overpredicted shortwave radiation. In Xi’an,
the observed temperatures are similar in magnitude to those in
Beijing but lower than those in Shanghai and Guangzhou during
most of time. Maximum temperatures agree well with observations
in Apr., Jul., and Aug. but are overpredicted in Dec., Jan., and
Oct. during which overcast and cloudy weather often occurred but
MM5 may have underpredicted cloud coverage. In Shanghai
and Guangzhou, simulated temperatures capture well the observed
temporal variations except for Jan. in Shanghai during which
the minimum temperatures are underpredicted and for Apr. in
Guangzhou with the maximum temperatures are overpredicted.
Overall simulated temperatures at 36- and 12-km are fairly consis-
tent in all months at all sites except for Shanghai in winter, which
may be due tomodel’s incapability in accurately simulate air-surface
exchanges over unique complex topography and local weather
patterns that are influenced by urban heat island effect and land/sea
breezes. No direct measurements of RH2 were available, so RH2 is
calculated based on measured dew point and pressure. In Beijing,
the simulatedminimum RHs capture well with observations but the
maximum RHs are underpredicted in all the months. Observation-
derived RH2 are not available due to the lack of dew point and/or
pressure observations in Xi’an. MM5 at 12-km tends to give higher
maximum andminimum RHs than at 36-km inwinter and spring in
both Beijing and Xi’an. In Shanghai, the simulations at 36-km and
12-km can capture the high and low RH2 values except in Jan. and
Dec. with underpredictions in the minimum RHs. In Guangzhou,
the observed maximum RHs are underpredicted in Dec. but
captured well by the model in other months. The minimum RHs are
underpredicted except in Oct. for which simulated RHs agree well
with observations. The RH2 predictions at the two grid resolutions
are generally consistent for most months at all sites. WSP10 are
predominantly overpredicted at all sites during most of time, with
better agreement in summer and fall than in winter and spring.
Large deviations from observations exist in the simulatedWDR10 in
Guangzhou, with better performance at other sites. MM5 performs
the worst in terms of WSP10 and WDR10 at some sites when calm
wind conditions dominated (e.g., in Dec. and Jan. in Xi’an, Shanghai,
and Guangzhou). The observed precipitation amounts in Beijing are
smaller than those in Shanghai and Guangzhou, which is repro-
duced by MM5 (note that no observed precipitation amounts
are available at Xi’an). The seasonality in precipitation is also
reproduced in the three cities (e.g., heavier precipitation in summer
and fall than winter in Beijing and Guangzhou). MM5 tends to
overpredict precipitations in Shanghai and Guangzhou during
summer, during which convection precipitation dominates. This is
because too frequent afternoon convective rainfall and/or an



Fig. 4. Observed and simulated hourly temperature at 2-m in Beijing, Xi’an, Shanghai, and Guangzhou.

Fig. 5. Observed and simulated hourly relative humidity at 2-m in Beijing, Xi’an, Shanghai, and Guangzhou.
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Fig. 6. Observed and simulated hourly wind speed at 10-m in Beijing, Xi’an, Shanghai, and Guangzhou.

Fig. 7. Observed and simulated hourly wind direction at 10-m in Beijing, Xi’an, Shanghai, and Guangzhou.
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Fig. 8. Observed and simulated daily precipitation in Beijing, Xi’an, Shanghai, and Guangzhou.
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overestimation in the intensity of the rainfall typically simulated by
the Kain-Fritsch cumulus parameterization in summer (Olerud and
Sims, 2004). Overall, the MM5 performance in terms of T2, RH2,
WSP10, WDR10, and precipitation during the six months is gener-
ally consistent with similar applications over other regions (e.g., Wu
et al., 2008b; Queen et al., 2008), with good agreement for T2 (for all
seasons except for winter), RH2, and WDR10, but relatively poor
agreement for T2 in winter and WSP10 and precipitation in the six
months.

4. Evaluation of winter month simulations at 4-km and
model sensitivity to horizontal grid resolutions

4.1. Spatial distributions

Fig. 9 shows the spatial distribution of T2, RH2, WSP10, and
Precip overlaid with the observations at 4-km for Dec. 2007 and
Jan. 2008. Table 4 compares performance statistics over the 4-km
domain from simulations at 36-, 12- and 4-km simulations. T2 is
underpredictedwithMBs of�0.8 �C, particularly in the northwest of
Shandong Province inDec. and over the central domain in Jan. RH2 is
underpredicted over the entire domain in both months with MBs
ranging from�21.2% to�14.3%.WSP10 is significantly overpredicted
over the entire domain in bothmonths withMBs ranging from 1.6 to
1.8 m s�1. Precip is underpredicted over most of domainwithMBs of
�1.3 to �0.7 mm day�1. Compared with results at 36- and 12-km,
the model predictions are not improved at 4-km, due likely to the
low resolution of the land use data used and the difficulty in simu-
lating meteorological processes over a complex terrain consisting of
mountains (e.g., Mountain Tai and Mountains in the south of Shan-
dong Province) in the South and oceanic areas in the east of Shan-
dong Province. These results indicate that meteorology modeling
at a fine grid resolution do not always show a better performance
due to limitations inmodel treatments and/or inaccuracies in model
inputs, consistent with other studies (e.g., Queen et al., 2008;
Wu et al., 2008b). Xing et al. (2011) conducted MM5 simulations for
August 2008 over a different 4-km domain that covers the Beijing
area using boundary and initial conditions derived from the MM5
simulation at 12-km in this effort. They found that the model
performance at 4-km for summer months is consistent with that of
MM5 for summer months in other applications and it is better than
that in winter months. For example, the NMBs for MM5 at 4-km for
August 2008 are 4% for T2, �6% for RH2, 19% for WSP10, 6% for
WDR10, and 15% for precipitation.

4.2. Temporal variations

Temporal analyses are conducted at three selected sites where
observational data are available: Jinan, Qingdao, and Taishan in
the 4-km domain. Jinan is the capital of Shandong Province and
represents an urban site, Qingdao is a coastal site, and Taishan is
a mountain site with an elevation of 1500 m above the sea level.
As shown in Fig.10, maximumT2 is overpredicted andminimum T2
is underpredicted in both months in Jinan. At Taishan, MM5 can
capture the variation of observed temperatures but significantly
overpredict their magnitudes due to the complexity of terrain (Ma
et al., 2008). In Qingdao, MM5 reproduces well maximum T2 but
underpredicts minimum T2 in both. Among the three simulations,
the 4-km simulation gives the best agreement for T2 at Taishan
site. Maximum RH2 predictions in Jinan and Qingdao agree well
with observations but minimum RH2 is underpredicted in both
months. Better agreement in terms of magnitudes and variation
trends in RH2 is found at Taishan. Among the three simulations, the
4-km simulation gives the best agreement for RH2 at all sites. MM5
reproduces observed maximum WSP10 in Jinan and Qingdao but
underpredicts maximum WSP10 at Taishan and overpredicts
minimum WSP10 at Jinan and Qingdao. Large deviation in WDR10
occurs at all sites, particularly in Jan. The 4-km simulation shows



Fig. 9. Spatial distribution of T2, RH2, WSP10 and Precip at 4-km overlaid with observation.

Table 4
Performance statistics of MM5 simulations at 36-, 12- and 4-km over the 4-km domain.

Month Grid size (km) MeanObs MeanMod Ra MBa RMSEa NMB(%)a NME(%)a

T2 Dec 4 3.9 3.1 0.7 �0.8 3.3 �20 70
12 3.9 3.5 0.7 �0.4 3.1 �10 60
36 3.9 3.5 0.7 �0.4 2.7 �10 50

Jan 4 3.3 2.5 0.7 �0.8 2.8 �20 60
12 3.3 3.0 0.7 �0.3 2.8 �10 60
36 3.3 2.6 0.7 �0.7 2.5 �20 60

RH2 Dec 4 64.7 43.6 0.5 �21.2 30.0 �30 40
12 64.7 44.7 0.5 �20.1 29.6 �30 40
36 64.7 46.4 0.5 �18.3 28.9 �30 40

Jan 4 58.2 43.9 0.6 �14.3 23.0 �20 30
12 58.2 42.9 0.6 �15.4 24.6 �30 30
36 58.2 48.6 0.6 �9.6 20.3 �20 30

WSP10 Dec 4 2.8 4.4 0.6 1.6 2.7 50 80
12 2.8 4.7 0.6 1.8 3.0 60 80
36 2.8 4.2 0.6 1.3 2.7 50 70

Jan 4 3.0 4.8 0.6 1.8 2.8 60 80
12 3.0 4.4 0.6 1.4 2.6 50 70
36 3.0 5.0 0.6 2.0 3.1 70 80

WDR10 Dec 4 231.1 153.5 0.0 �77.6 193.6 �30 60
12 231.1 150.2 0.0 �80.9 193.4 �40 60
36 231.1 218.7 0.3 �12.5 166.6 �10 40

Jan 4 210.5 183.3 0.3 �27.2 171.4 �10 50
12 210.5 189.7 0.3 �20.9 172.6 �10 50
36 210.5 186.5 0.3 �24.1 172.7 �10 50

Precip Dec 4 2.8 1.5 0.1 �1.3 5.0 �50 110
12 2.8 2.0 0.2 �0.8 5.0 �30 110
36 2.8 1.7 0.2 �1.1 4.6 �40 110

Jan 4 2.3 1.6 0.3 �0.7 4.2 �30 100
12 2.3 1.6 0.2 �0.8 3.9 �30 100
36 2.3 2.0 0.3 �0.3 3.9 �10 100

Precip e Precipitation, RH2 e 2 m Relative Humidity, T2 e 2 m Temperature, WDR10 e 10 m Wind Direction, WSP10 e 10 m Wind Speed.
a R e Correlation Coefficient, MB e Mean Bias, RMSE e Root Mean Square Error, NMB e Normalized mean bias, NME e Normalized mean error.
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Fig. 10. Time series plots of T2, RH2, WSP10, WDR10 and Precip. in Jinan, Taishan and Qingdao for Dec., 2007 and Jan., 2008.
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the closest agreement with observed WSP10 and WDR10 among
the three simulations. Precipitation amounts are well predicted at
Taishan in January but are underpredicted in Jinan and Qingdao in
both months and in Taishan in December. Simulations at different
grid resolutions give different amounts of Precip at different times
(e.g., at all three sites in Dec.), indicating a high sensitivity.

5. Summary

MM5 is applied to China with the PX-LSM model and three
different nudging over triple-nested domains. Performance statis-
tics show that simulated T2, RH2, WSP10, and WDR10 agree with
observations better in summer than in winter, while the precipita-
tion shows worse performance in summer. The model performance
in April and October is similar. Simulated T2, RH2 andWSP10 agree
more closely with observations in the eastern China. For the 36-km
simulation, T2 is underpredicted in thewestern and northern China,
especially inwinter, due likely to themodel difficulties in simulating
complex terrain and snow cover. RH2 is underpredicted in all
months except for Jan. WSP10 is overpredicted, particularly in the
western and northern China. Precipitation is underpredicted in the
most of China. Temporal analyses in the four major cities show the
MM5 simulations at 36-km during the six months capture well the
observed T2 during spring, summer, and fall, but perform relatively
poor in reproducing wind speed and precipitation. In winter, MM5
cannot capturewell themaximum orminimum T2 and RH2. Further
temporal analyses at specific sites show that the meteorological
predictions such as T2 and WSP10 agree more closely with obser-
vations at urban sites than those at the coastal and mountain sites
where the model performance deteriorates because of the complex
terrains, higher elevations, and influences of local meteorological
processes such as urban heat island effect and land/sea breezes.
Model evaluation shows that the 12-km simulation performs better
while the 4-km simulation shows the worst performance due to the
inaccuracies in the land use and terrain information at 4-km as
well as limitations of model treatments (e.g., PBL and land-surface
schemes) at a fine grid scale. These results have important impli-
cations on air quality and regional haze predictions in China.
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