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A B S T R A C T

An advanced online-coupled meteorology and chemistry model WRF-CAM5 has been applied to East Asia using
triple-nested domains at different grid resolutions (i.e., 36-, 12-, and 4-km) to simulate a severe dust storm
period in spring 2010. Analyses are performed to evaluate the model performance and investigate model sen-
sitivity to different horizontal grid sizes and aerosol activation parameterizations and to examine aerosol-cloud
interactions and their impacts on the air quality. A comprehensive model evaluation of the baseline simulations
using the default Abdul-Razzak and Ghan (AG) aerosol activation scheme shows that the model can well predict
major meteorological variables such as 2-m temperature (T2), water vapor mixing ratio (Q2), 10-m wind speed
(WS10) and wind direction (WD10), and shortwave and longwave radiation across different resolutions with
domain-average normalized mean biases typically within±15%. The baseline simulations also show moderate
biases for precipitation and moderate-to-large underpredictions for other major variables associated with
aerosol-cloud interactions such as cloud droplet number concentration (CDNC), cloud optical thickness (COT),
and cloud liquid water path (LWP) due to uncertainties or limitations in the aerosol-cloud treatments. The model
performance is sensitive to grid resolutions, especially for surface meteorological variables such as T2, Q2,
WS10, and WD10, with the performance generally improving at finer grid resolutions for those variables.
Comparison of the sensitivity simulations with an alternative (i.e., the Fountoukis and Nenes (FN) series scheme)
and the default (i.e., AG scheme) aerosol activation scheme shows that the former predicts larger values for
cloud variables such as CDNC and COT across all grid resolutions and improves the overall domain-average
model performance for many cloud/radiation variables and precipitation. Sensitivity simulations using the FN
series scheme also have large impacts on radiations, T2, precipitation, and air quality (e.g., decreasing O3)
through complex aerosol-radiation-cloud-chemistry feedbacks. The inclusion of adsorptive activation of dust
particles in the FN series scheme has similar impacts on the meteorology and air quality but to lesser extent as
compared to differences between the FN series and AG schemes. Compared to the overall differences between the
FN series and AG schemes, impacts of adsorptive activation of dust particles can contribute significantly to the
increase of total CDNC (∼45%) during dust storm events and indicate their importance in modulating regional
climate over East Asia.

1. Introduction

Aerosols play complicated and important roles in global and re-
gional climate by directly changing the earth radiation balance through
scattering or absorbing of solar radiation or indirectly affecting cloud
formation, lifetime, and properties through activation as cloud

condensation nuclei (CCN) or ice nuclei (IN) (Yu, 2000; Yu et al., 2014).
Among the major processes associated with aerosol particles, aerosol-
cloud interactions have been widely recognized as the most important
and uncertain aspect of climate changes (Boucher et al., 2013). To
better understand and assess the impacts of aerosols on climate, it is
essential to examine major processes such as aerosol activation (also
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known as cloud droplet nucleation) that are critical to aerosol-cloud
interactions. Aerosol activation affects not only cloud droplet number
concentration (CDNC) but also other cloud properties such as cloud
liquid water content and cloud optical thickness (COT).

Due to the lack of a complete aerosol activation theory, aerosol
activation has been parameterized in all climate models (Abdul-Razzak
and Ghan, 2000). Many physically-based aerosol activation para-
meterizations that account for aerosol size distribution, chemical
composition, and ambient atmospheric conditions have been developed
in the past (Abdul-Razzak and Ghan, 2000; Cohard et al., 2000; Nenes
and Seinfeld, 2003; Fountoukis and Nenes, 2005; Ming et al., 2006).
Among them, two parameterizations are most commonly used in-
cluding those developed by Abdul-Razzak and Ghan (2000) (hereafter
referred to as AG00) and Fountoukis and Nenes (2005) (hereafter re-
ferred to as the base FN05) based on the Köhler theory (Köhler, 1936).
AG00 uses a semi-empirical formula to calculate the supersaturation
and has been widely used in many global and regional models (Ghan
et al., 2012). The base FN05 scheme explicitly calculates super-
saturation through numerical iterations. A recent study by Ghan et al.
(2011) found that FN05 can predict more consistent activation fraction
of aerosols than the AG00 scheme when compared to numerical solu-
tions. Several updates have been added to the base FN05 recently,
which include the effect of convective entrainment on aerosol activa-
tion (Barahona and Nenes, 2007) (hereafter referred to as BN07), the
adsorptive activation pathway for insoluble particles such as dust
(Kumar et al., 2009) (hereafter referred to as K09), and the treatment of
kinetic limitations of giant CCN (Barahona et al., 2010) (hereafter re-
ferred to as B10). The base FN05 scheme with the aforementioned
updates of BN07, K09, and B10 (hereafter referred to as FN series) has
been recently implemented into both global (Gantt et al., 2014) and
regional models (Zhang, 2014; Zhang et al., 2015a). Compared to
AG00, FN series is found to generally better predict variables re-
presenting aerosol-cloud interactions such as CDNC, cloud liquid water
path (LWP), and COT.

In the past two decades, East Asia, especially China, has experienced
rapid economic and population growth and fast industrialization and
urbanization (Wang et al., 2010). Hence this region has emerged as one
of the largest contributors to global climate change (Boucher et al.,
2013). Large amounts of anthropogenic and natural emissions of
aerosols (especially dust) from East Asia resulted in extremely high
aerosol concentrations and significantly degraded the regional air
quality locally and downwind (e.g., North America) through long-range
transport (Heald et al., 2006; Wang et al., 2009, 2012). In addition to
high aerosol concentrations, East Asia encompasses regions with com-
plex topography and distinct weather system that may further com-
plicate the interactions of air quality and regional climate (Akimoto,
2003). During springtime, strong mid-latitude cyclones that pass
through western China may lift dust particles from the surface of Tak-
limakan Desert and Gobi Desert to high altitude (Chen et al., 2013),
which allows them to be transported to northern and eastern China
(Bian et al., 2011) where anthropogenic aerosol concentrations are very
high. During the transport, dust particles become aging and mix with
other soluble secondary aerosols and can act as efficient CCN and IN
(Kumar et al., 2009). Therefore, dust particles from dust storm events
may have large influences on aerosol-cloud interactions in East Asia. In
spring 2010, due to the worst drought in the century over western and
southwestern China, several dust storm events have been reported (Bian
et al., 2011; Li et al., 2011; Zhao et al., 2011), which provide ideal
testbeds for studying the impacts of dust on aerosol-cloud interactions
and air quality.

It has been reported in the past that the skill of climate/air quality
models in simulating meteorology and air quality can be highly de-
pendent on grid resolutions especially over areas with high pollutants
and/or with complex terrains (Fountoukis et al., 2013; Zhang et al.,
2013; Kuik et al., 2016). For example, Fountoukis et al. (2013) reported
that the use of high grid resolution can decrease model biases for

certain aerosol species such as black carbon (BC). Kuik et al. (2016)
found that by using the Weather Research and Forecasting model
coupled with chemistry (WRF/Chem), the model performance was
improved from 15-km to 3-km resolution for major meteorological and
chemical variables, but this is not the case from 3-km to 1-km resolu-
tion. Very few studies have examined aerosol-cloud interactions using
fine grid resolutions (e.g., 4-km) and complex aerosol activation me-
chanisms over highly polluted areas such as East Asia. Such studies will
provide valuable information to guide future modeling studies for East
Asia.

To improve our understanding of aerosol-cloud interactions under
extreme high aerosol conditions, we apply the regional air quality/
climate model, the WRF model coupled with the physics package of
Community Atmospheric Model version 5 (WRF-CAM5) (Ma et al.,
2013; Lim et al., 2014; Chen et al., 2015; Zhang et al., 2015a,b) in
spring 2010 to investigate the impacts of high aerosol concentrations,
different horizontal grid resolutions, and different aerosol activation
parameterizations on aerosol-cloud interactions over East Asia. The
objectives of this study are to (1) perform a comprehensive model
evaluation of WRF-CAM5 at different grid resolutions by conducting
triple-nested simulations at 36-, 12-, and 4-km grid resolutions; (2)
investigate the impacts of two aerosol activation schemes (i.e., AG00
and FN series) on simulating aerosol-cloud interactions and regional air
quality through feedbacks across different grid resolutions and the
contribution of dust particles to aerosol-cloud interactions through the
adsorptive activation mechanism (i.e., K09).

2. Model description, simulation setup, and evaluation protocols

2.1. Model description

The WRFv3.4-CAM5 model initially developed at the Pacific
Northwest National Laboratory (PNNL) (Ma et al., 2013) incorporated
the physical and aerosol packages of the global model CAM5 into the
WRF/Chem model (Grell et al., 2005). Compared to other online-cou-
pled models, this model is designed to investigate atmospheric pro-
cesses in a multi-scale framework and provide a regional modeling
framework for evaluating physics and aerosol parameterizations used in
global climate models (Ma et al., 2013). The WRF-CAM5 model in-
cludes state-of-science cloud schemes such as the Morrison two-moment
cloud microphysics scheme (Morrison and Gettelman, 2008), and the
Zhang-MacFarlane (ZM) convective cloud scheme (Zhang and
McFarlane, 1995) with explicit aerosol-convective cloud feedbacks
(Song and Zhang, 2011) implemented and evaluated by Lim et al.
(2014), and an up-to-date ice-nucleation parameterization for mixed-
phase and ice clouds (Niemand et al., 2012). The 3-mode Modal Aerosol
Module (MAM3) (Liu et al., 2012) has been fully implemented and
tested in this version of WRF-CAM5. MAM3 includes three modes:
Aitken, accumulation, and coarse modes, with different internally-
mixed aerosol components such as sulfate (SO4

2−), primary organic
aerosols (POA), secondary organic aerosols (SOA), BC, dust, and sea-
salt. Ammonium (NH4

+) is implicitly simulated and assumed to co-exist
with SO4

2− as ammonium bisulfate (NH4HSO4). Nitrate (NO3
−) is not

simulated in MAM3 which may introduce uncertainties in simulating
aerosols. There is a simplified SOA scheme in WRF-CAM5 in which five
volatile organic compounds (VOCs) can generate SOA with fixed mass
yields (i.e., 5% for big alkanes, 5% for big alkenes, 15% for toluene, 4%
for isoprene, and 25% for monoterpenes).

The original WRF-CAM5 model is further developed recently at
North Carolina State University through implementation of an alter-
native aerosol activation parameterization (i.e., the FN series) (Zhang,
2014; Zhang et al., 2015a). Major differences between AG00 and the
base FN05 include 1) different approaches to calculate the maximum
supersaturation; 2) different values of condensation coefficient (i.e., 1.0
in AG00 vs 0.06 in FN05); 3) absence (AG00) or inclusion (FN05) of gas
kinetic effect on aerosol activation; and 4) different dependency of
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surface tension and Kelvin effect on temperature. More details of those
differences can be found in Zhang (2014) and Zhang et al. (2015a). In
addition, the subsequent updates of FN05 may further affect the dif-
ferences between FN05 series and AG00. For example, K09 considers
aerosol adsorptive activation from insoluble aerosols (e.g., dust and
BC), which may further increase the fraction of activated aerosols so the
impacts will be examined in this study.

2.2. Simulation configurations and setup

The WRF-CAM5 model with the addition of the FN series para-
meterizations as described in Section 2.1 is applied to a nested East Asia
domain during a dust storm episode in spring (i.e., March to May) 2010.
The triple-nested domain includes three subdomains with horizontal
resolutions of 36-, 12-, and 4-km, respectively, and vertical resolution
of 23 layers (from surface to 100 hPa and approximately 8 layers within
the PBL). As shown in Fig. 1, the level-1 domain (D01) covers the whole
East Asia including China, Japan, North and South Korea, Mongolia,
India, and other southeastern Asian countries. The level-2 domain
(D02) covers eastern and southeastern China. The level-3 domain (D03)
covers the capital city of China, Beijing, and its surrounding areas. The
simulations use one-way nesting to achieve higher spatial resolution.
Details of the model components and configurations are summarized in
Table 1. The meteorological initial/boundary conditions (ICONs/
BCONs) are generated from the National Center for Environmental
Predictions Final Analysis (NCEP-FNL) and the chemical ICONs/BCONs
are adapted from simulations of the Community Multiscale Air Quality
(CMAQ) modeling system. Offline anthropogenic emissions for main-
land China are from the Multi-resolution Emission Inventory for China
(MEIC; http://www.meicmodel.org/) and those for the rest of the do-
main are from the Intercontinental Chemical Transport Experiment
(INTEX-B) inventory (Zhang et al., 2009). Biogenic emissions are cal-
culated online through the Model of Emissions of Gases and Aerosols
from Nature (MEGAN) version 2. Dust and sea-salt emissions are also
generated online using the module developed by Zender et al. (2003)
and implemented by Wang et al. (2012) for dust and Gong et al. (2002)
for sea-salt, respectively. A one month (i.e., February 2010) spin-up is
performed to minimize the impacts of chemical ICONs. The meteor-
ological fields are also re-initialized every five days to construct an
acceptable meteorological field for the chemistry simulations while
allowing for sufficient time for chemistry-meteorology feedbacks.

Three sets of simulations are conducted to achieve the objectives of
this work. These include the baseline simulation (hereafter referred to
as BASE) using the WRF-CAM5 with the default AG00 aerosol activa-
tion parameterization. The first sensitivity simulation (hereafter

referred to as SEN1) includes the same treatments as BASE except for
replacing the aerosol activation parameterization with the FN series.
The second sensitivity simulation (hereafter referred to as SEN2) is si-
milar to SEN1 but the ability of dust particles to serve as CCN is turned
off (i.e., The FN series without K09). All three simulations are per-
formed over the triple-nested domains. These simulations are designed
to evaluate the capability of WRF-CAM5 in simulating the regional
meteorology, air quality, and their feedbacks as well as the sensitivity of
the model predictions to different horizontal grid resolutions and
aerosol activation treatments. Comparison between SEN1 and BASE is
used to assess the potential for model improvement in representing
aerosol-cloud interactions by using a more advanced aerosol activation
parameterization based on the FN series. Differences between SEN1 and
SEN2 are used to evaluate the contribution of dust particles to aerosol-
cloud interactions especially during dust storm events.

2.3. Observational data and evaluation protocols

A comprehensive model evaluation is conducted using available
meteorological and chemical data from various surface networks,
radiosonde database, satellite retrievals, and reanalysis data. Variables
evaluated in this work include surface meteorological variables such as
2-m temperature (T2), water vapor mixing ratio (Q2), 10-m wind speed
(WS10) and direction (WD10), and precipitation; surface chemical
variables such as carbon monoxide (CO), nitrogen monoxide (NO), ni-
trogen dioxide (NO2), sulfur dioxide (SO2), ozone (O3), particulate
matter with aerodynamic diameter less or equal to 10 μm (PM10) de-
rived based on the Air Pollution Index (API), particulate matter with
aerodynamic diameter less or equal to 2.5 μm (PM2.5) and its compo-
nents and suspended particulate matter (SPM; approximated as PM10),
column chemical variables such as CO column, NO2 column, SO2

column, and tropospheric ozone residual (TOR), and radiation/cloud
variables such as aerosol optical depth (AOD), downward shortwave
and longwave radiation (SWDOWN and LWDOWN), shortwave and
longwave cloud radiative forcing (SWCF and LWCF), outgoing long-
wave radiation (OLR), COT, cloud fraction (CF), CCN, and precipitable
water vapor (PWV), CDNC, LWP, and ice water path (IWP). More de-
tails on the datasets, variables, data frequencies, and data sources can
be found in Tables S1–S2 in the supplementary material.

Model evaluation is performed following the protocol proposed by
Zhang et al. (2006, 2012a, b) including metrics such as monthly spatial
distribution, hourly or daily temporal variation at selected sites, and
domain-average statistics. The performance statistics for individual
variables are calculated separately for different networks or datasets
due to inherent differences in observational method, data collection,

Fig. 1. Simulation domains: D01 (black) over East Asia, D02
(blue) over eastern China, and D03 (red) over Beijing and its
surrounding areas. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
Web version of this article.)
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and processing among different datasets. The statistical measures in-
clude the mean bias (MB), normalized mean bias (NMB), normalized
mean error (NME), and correlation coefficient (R).

3. Comprehensive model evaluation of baseline simulation at
various grid resolutions

3.1. Meteorological variables

Tables 2–4 summarizes the domain-average statistics for T2, Q2,
WS10, WD10, and daily precipitation for BASE in the different domains.
BASE predicts small cold biases for T2 throughout all domains, which
are consistent with other modeling studies using either the fifth-gen-
eration Penn State/NCAR Mesoscale Model (MM5) or WRF (Zhang
et al., 2011; Wang et al., 2012; García-Díez et al., 2013). BASE also
predicts Q2 well with biases generally within± 1 g kg−1 over the dif-
ferent domains. A key improvement of this study compared to many
previous WRF or WRF/Chem applications (e.g., Zhang et al., 2006,
2010; Tuccella et al., 2012) is the reduction of WS10 biases due to the
utilization of a simple drag parameterization proposed by Mass and
Ovens (2010), which helps to improve the model representation of low
and moderate wind speeds by improving the representation of surface
drag exerted by unresolved topography. As shown, the NMBs for WS10
is typically< 15% over different domains in this work while other
studies using the WRF model typically predicted WS10 with ≥50%
biases. Despite this improvement, there still exists large overprediction
for high wind speed especially over the dust source regions (results not
shown) such as Taklimakan Desert and Gobi Desert, which may lead to
overprediction of dust emissions and further result in overprediction of
dust/PM10 concentrations. The performance for precipitation is worse
than other meteorological variables with generally wet biases especially
in D01. The reasons might be complicated and some possible reasons
are discussed below. First, a recent study by McMillen and Steenburgh
(2015) found that the Morrison microphysics scheme tends to over-
predict rainfall amount compared to other microphysics schemes in
WRF, due to the high amount of predicted graupel and inclusion of
cloud liquid water in the precipitation amount. Second, the NOAH land
surface model used in this work is recently reported by Pei et al. (2014)

to potentially cause some positive biases for precipitation compared to
other land surface models, due to the overestimation of surface eva-
potranspiration. Third, the lack of treatment of cloud-radiation feed-
backs for convective cloud as recently reported by Alapaty et al. (2012)
may also partially contribute to the wet biases.

The model sensitivity to grid resolutions for T2, Q2, WS10, WD10,
and precipitation are further examined in Fig. 2 and Tables 3 and 4. To
allow for a fair performance comparison across different resolutions
(e.g., 36-km vs. 12-km or 12-km vs. 4-km), the 36-km simulation from
D01 is compared with the 12-km simulation in the common region in
D02. Similarly, the 36-km and 12-km simulations from D01 and D02,
respectively, are compared with the 4-km results in the common region
in D03. As shown in Fig. 2, in D02, T2 and precipitation are overall
underpredicted at both 36-km and 12-km grid resolutions and Q2 and
WS10 are overall overpredicted at both resolutions. The over-
predictions of Q2 and WS10 are more dominated by sites with high
moisture and low wind speed, respectively. The underpredictions of
precipitation at both grid resolutions are dominated by sites with high
precipitation. In D03, T2, Q2, and precipitation are generally under-
predicted while WS10 is overpredicted at all grid resolutions. Despite
the general consistent performance across different grid resolutions,
more data pairs (i.e., sites) from the 36-km simulation (or the 12-km
simulation) deviate from the 1:1 ratio line than the 12-km simulation
(or the 4-km simulation) for all variables, indicating a better perfor-
mance at the finer grid resolutions. The temporal performance for the
above meteorological variables across different grid resolutions at re-
presentative sites is also examined in the supplementary materials. The
results (as shown in Fig. S1 and Fig. 4) also generally indicate better
performance for finer grid resolutions. Tables 3 and 4 also show im-
proved performance for all major statistical metrics including MB,
NMB, NME, and R for T2, Q2, WS10, and WD10, which is consistent
with Fig. 2 and Fig. S1-S4. The above comparisons using scatter/tem-
poral plots and domain-average statistics across different resolutions
indicate improvements using finer resolutions and promises for fine
scale resolution application of WRF-CAM5 in the future.

Fig. 3 shows the comparison of simulated seasonal mean vertical
profiles of temperature, dew point temperature, wind speed, and wind
direction against the sounding observations at four selected sites (i.e.,

Table 1
The model configurations of the WRF-CAM5 simulations.

Attributes Model Configurations

Simulation period March to May 2010
Domain East Asia
Horizontal resolution 36-km, 12-km, 4-km (one-way nested)
Vertical resolution 23 layers from surface to 100mb
Physical options
Shortwave radiation Rapid and accurate Radiative Transfer Model for GCM (RRTMG)
Longwave radiation RRTMG (Clough et al., 2005)
PBL University of Washington (Bretherton and Park, 2009)
Land surface the National Center for Environmental Prediction, Oregon State University, Air Force, and Hydrologic Research Lab (NOAH) (Chen and

Dudhia, 2001)
Microphysics Morrison two-moment (Morrison and Gettelman, 2008)
Cumulus Zhang and McFarlane (1995) with update of Song and Zhang (2011)
Aerosol activation AG00 (Abdul-Razzak and Ghan, 2000) and FN05 (Fountoukis and Nenes, 2005) with updates of Barahona and Nenes (2007), Kumar et al.

(2009), Barahona et al. (2010)
Ice nucleation Niemand et al. (2012)

Chemical options
Gas-phase chemistry Carbon Bond Mechanism version Z (CBM-Z) (Zaveri and Peters, 1999))
Aerosol module CAM-MAM3 (Liu et al., 2012)
Photolysis Fast Troposphere Ultraviolet Visible (F-TUV) (Tie et al., 2003)
Aqueous-phase chemistry CAM simplified aqueous-phase chemistry (Barth et al., 2000)

Meteorological ICONs and BCONs National Center for Environmental Prediction Final Analysis (NCEP-FNL)
Chemical ICONs and BCONs CMAQ
Anthropogenic emission MEIC and INTEX-B
Biogenic emission Model of Emissions of Gases and Aerosols from Nature (MEGAN) version 2 (Guenther et al., 2006)
Dust emission Wang et al. (2012) based on Zender et al. (2003)
Sea-salt emission Gong et al. (2002)
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Beijing in D03 and Yanan, Hong Kong, and Taibei in D02). Before the
comparison, significant tests (i.e., t-tests) using simulation and ob-
servational data for different variables over different sites have been
conducted. The results show p-values from those tests are all < 0.005,
indicating good confidence and statistical significance for the compar-
ison. As shown in Fig. 3, BASE performs very well for the vertical
profiles of temperature at all four sites at 12-km or 4-km grid resolu-
tions. It also reproduces the vertical profiles of dew point temperature
well below 300 hPa over Yanan and Taibei and below 700 hPa over
Hong Kong. Large overprediction occurs below 250 hPa over Beijing
and above 500 hPa over Hong Kong and large underprediction of dew
point temperature occurs above 200 hPa over Beijing and Yanan, which
indicate the model's inability in capturing moisture especially aloft. The
overprediction of dew point temperature (i.e., atmospheric moisture),
especially from lower to middle altitude in the atmosphere such as
Beijing, may help explain the general overprediction of precipitation
during the whole simulation period at individual sites such as Beijing as
shown in Fig. S4. The model is also able to capture the prevailing wind

in terms of both direction (mostly westerly wind) and speed (especially
when wind speed is greater than 50 knots) above 500 hPa at all four
sites. There are larger discrepancies between simulations and observa-
tions at lower altitude, especially over Beijing and Yanan, where the
model fails to capture the observed southerly and southwesterly winds
at the surface. The model discrepancies for wind direction in the lower
altitude could be caused by complex surface topography and also biases
associated with the simulated pressure gradient as reported by Jiménez
et al. (2013).

3.2. Chemical variables

Fig. 4a shows the spatial distribution of seasonal mean PM10 con-
centrations predicted by BASE in D01 overlaid with observations de-
rived from the API data of China. PM10 is used in this work to represent
dust due to the lack of direct dust measurements. Extremely high PM10

concentrations (> 250 μgm−3 in seasonal mean) are predicted by BASE
over major dust source regions such as the Taklimakan Desert and Gobi

Table 2
Performance statistics of BASE for spring (March–May) 2010 over domain D01.

Variables Datasets Mean Obs Mean Sim R MB NMB (%) NME (%)

T2 (°C) NCDC 12.8 11.4 0.96 −1.37 −10.7 16.6
Q2 (g kg−1) NCDC 6.52 6.64 0.97 0.12 1.9 10.7
WS10 (m s−1) NCDC 3.3 3.7 0.46 0.40 12.1 31.6
WD10 (degree) NCDC 204.1 190.1 0.41 −14.0 −6.9 15.7
Precipitation (mm day−1) NCDC 2.8 3.3 0.50 0.53 18.8 69.3

GPCP 2.1 3.0 0.34 0.85 39.9 92.1
TMPA 2.8 3.0 0.50 0.17 5.9 50.1

SWDOWN (W m−2) CERES 211.3 239.9 0.89 28.6 13.5 14.5
LWDOWN (W m−2) CERES 319.1 311.2 0.99 −7.9 −2.5 3.2
SWCF (W m−2) CERES −65.6 −49.8 0.89 −15.8 −24.2 27.1
LWCF (W m−2) CERES 33.5 21.9 0.73 −11.6 −34.6 36.7
OLR (W m−2) CDC 226.8 233.6 0.93 6.8 3.0 4.3
AOD MODIS 0.40 0.25 0.33 −0.15 −37.3 53.6

AERONET 0.54 0.37 0.32 −0.18 −32.4 60.9
COT MODIS 15.4 9.9 0.78 −5.5 −35.8 50.6
CF MODIS 0.66 0.59 0.65 −0.07 −10.6 20.3
CCN (109 cm−2) MODIS 0.81 0.63 0.56 −0.17 −21.6 48.7
CDNC (cm−3) MODIS 160.2 128.3 0.51 −31.9 −19.9 43.1
LWP (g m-2) MODIS 98.0 51.4 0.72 −46.5 −47.5 58.4
IWP (g m-2) MODIS 212.0 12.8 0.22 −199.2 −94.0 94.0
PWV (cm) MODIS 1.75 1.88 0.98 0.13 7.7 14.6
PM10 (μg m−3) China 90.3 117.9 0.12 27.6 30.6 76.0

Hong Kong 56.1 43.0 0.12 −13.1 −23.3 62.3
Taiwan 69.6 29.7 0.41 −39.9 −57.4 58.1
Japan 18.7 24.1 0.21 5.4 29.0 47.5
South Korea 55.6 44.5 0.18 −11.1 −20.0 26.9

PM2.5 (μg m−3) Hong Kong 29.9 38.7 0.27 8.9 29.6 75.2
Taiwan 34.2 21.8 0.44 −12.4 −36.2 38.6

CO (ppb for Hong Kong and ppm for others) Hong Kong 886.6 521.0 0.37 −365.6 −41.2 44.5
Taiwan 0.47 0.26 0.17 −0.21 −44.5 44.7
Japan 0.40 0.18 0.07 −0.22 −54.5 55.1
South Korea 0.45 0.23 0.26 −0.22 −48.8 48.9

Column CO (1018 molecules cm−3) MOPITT 2.38 2.03 0.83 −0.35 −14.8 18.9
NOx (ppb) Hong Kong 151.1 73.0 0.38 −78.1 −51.7 57.2
NO (ppb) Japan 3.48 1.31 0.03 −2.17 −62.3 85.6

Taiwan 4.58 2.95 0.07 −1.62 −35.5 68.9
NO2 (ppb) Hong Kong 66.4 56.2 0.38 −10.1 −15.2 42.3

Taiwan 16.1 17.2 0.15 1.1 6.6 42.7
Japan 9.4 7.8 0.02 −1.6 −17.0 63.2
South Korea 15.5 15.7 0.16 0.21 1.3 50.6

Column NO2 (1014 molecules cm−3) SCIAMACHY 2.7 6.4 0.77 3.7 137.0 150.4
O3 (ppb) Hong Kong 40.5 45.2 0.56 4.6 11.5 67.9

Taiwan 33.5 33.3 0.15 −0.14 −0.4 21.0
Japan 43.9 36.0 0.30 −7.9 −18.1 19.9
South Korea 34.9 30.7 0.31 −4.1 −11.9 30.3

TOR (DU) OMI/MLS 31.3 37.0 0.68 5.7 18.2 21.5
SO2 (ppb) Hong Kong 11.1 32.8 0.30 21.6 194.1 209.2

Taiwan 4.04 1.15 0.34 −2.9 −71.5 74.5
Japan 2.2 1.1 0.16 −1.1 −49.6 71.5
South Korea 4.3 3.0 0.37 −1.3 −31.0 46.3

Column SO2 (DU) SCIAMACHY 0.38 0.24 0.35 −0.14 −36.0 69.5
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Desert. Predicted mineral dust particles are further transported into the
downwind regions such as Shanxi, Hebei, Henan, and Shandong Pro-
vinces, leading to seasonal mean PM10 concentrations as high as
200 μgm−3 over those regions. Although the model is able to reproduce
the magnitude of PM10 concentrations over many downwind sites,
especially those in eastern and southeastern China, BASE largely
overpredicts PM10 over the dust source regions, which could be at-
tributed to a few reasons. First, as shown in Section 3.1, BASE tends to
overpredict the wind speed over the dust source regions, which may
lead to the overestimation of dust emissions. Second, there are un-
certainties associated with the API data. The API data for PM10 has an
upper limit of 500, which corresponds to daily average concentrations
of 600 μgm−3. This means all concentrations> 600 μgm−3 were re-
corded as 600 μgm−3 in the API data. The daily PM10 concentrations
have been reported to be much more than 1000 μgm−3 over the dust
source regions (Li et al., 2011; Park et al., 2012) during the spring 2010
episode. By ignoring large PM10 concentrations, the API data inevitably
have lower PM10 concentrations than those simulated by the model.
Third, as reported in Wang et al. (2012), there exists uncertainties and
limitations in the dust treatment used in this study. For example, the
monthly variation of vegetation coverage is not considered in this work
which might introduce uncertainties to dust emissions. The erodibility
factor (EF) in calculation of vertical dust fluxes is subjected to a range of
values (i.e., 0.13–1.0). The value of 1.0 used in this work represents the

high end and thus might cause the overprediction of dust emissions.
Fig. 4b and c show the temporal variations of PM10 at the two sites

in Beijing and Tianjin (i.e., every 6-hr for Beijing and daily for Tianjin)
between observations and simulations at various resolutions. The de-
tails of measurements over those two sites can be found in Han et al.
(2012) and Bian et al. (2011), respectively. Generally, BASE across
different resolutions is able to reproduce two major dust storm events
on 3/19–20 and 3/22 that are also reported by previous studies (Bian
et al., 2011; Li et al., 2011; Zhao et al., 2011; Han et al., 2012; Park
et al., 2012) and capture the observed PM10 variation during the
measurement periods at both sites, although the model largely over-
predicts PM10 concentrations on 3/20 for both sites, indicating poten-
tial overestimation of dust emissions and excessive transport of dust
from the source regions due to the overprediction of wind speed. The
model sensitivity to grid resolutions for PM10 is much higher during the
dust storm events than non-dust storm events. Unlike the major me-
teorological variables as discussed in Section 3.1, the performance for
PM10 is not necessarily better at finer resolutions because a majority of
dust source areas are only in D01 and the impacts of finer grid re-
solutions on dust emissions (major contributor to PM10 concentrations)
cannot be accurately assessed.

Fig. 5 shows the weekly variation of PM2.5 and seasonal mean of
PM2.5 and its components (observations for components are only
available for SO4

−2, NH4
+, and Cl−) at two sites in Beijing (i.e., THU as

Table 3
Performance statistics of BASE for spring (March–May) 2010 over domain D02 (simulations over D01 and D02 against observations over D02).

Variablesa Datasets Mean Obs Mean Sim R MB NMB (%) NME (%)

D01 D02 D01 D02 D01 D02 D01 D02 D01 D02

T2 NCDC 14.2 13.8 13.8 0.97 0.97 −0.48 −0.43 −3.4 −3.0 10.5 8.9
Q2 NCDC 7.83 7.98 7.89 0.98 0.98 0.15 0.06 1.9 0.7 9.7 8.5
WS10 NCDC 3.2 3.4 3.4 0.46 0.55 0.21 0.17 6.4 5.4 28.2 26.4
WD10 NCDC 191.5 169.1 170.1 0.40 0.41 −22.4 −21.4 −11.7 −11.2 17.6 16.8
Precipitation NCDC 3.44 2.99 3.07 0.67 0.72 −0.45 −0.37 −13.2 −10.8 49.1 45.4

GPCP 1.9 3.0 3.1 0.58 0.62 1.1 1.3 58.5 69.0 91.8 96.6
TMPA 3.4 3.1 3.0 0.77 0.75 −0.3 −0.4 −7.3 −13.0 35.8 38.6

SWDOWN CERES 176.9 206.1 208.4 0.88 0.88 29.2 31.5 16.5 17.8 16.8 18.1
LWDOWN CERES 331.0 326.1 324.9 0.99 0.99 −4.9 −6.1 −1.5 −1.9 2.1 2.4
SWCF CERES −83.9 −65.8 −64.0 0.90 0.90 −18.0 −19.8 −21.5 −23.6 23.1 24.8
LWCF CERES 36.2 24.6 24.2 0.75 0.73 −11.6 −12.1 −32.1 −33.3 32.8 34.0
OLR CDC 224.7 231.8 232.4 0.91 0.91 7.1 7.7 3.1 3.4 3.7 4.0
AOD MODIS 0.52 0.42 0.41 0.18 0.19 −0.10 −0.11 −20.0 −20.8 47.9 47.4

AERONET 0.56 0.37 0.37 0.33 0.33 −0.19 −0.19 −34.0 −33.0 62.3 60.8
COT MODIS 19.5 17.6 16.9 0.81 0.81 −1.9 −2.6 −9.7 −13.4 40.5 38.3
CF MODIS 0.74 0.64 0.64 0.62 0.63 −0.10 −0.10 −13.3 −13.4 17.4 17.2
CCN MODIS 1.74 0.85 0.93 0.61 0.61 −0.89 −0.81 −50.9 −46.5 52.0 48.4
CDNC MODIS 201.7 191.4 187.5 0.37 0.32 −10.3 −14.2 −5.1 −7.0 32.7 35.4
LWP MODIS 122.5 98.2 93.5 0.73 0.74 −24.3 −29.0 −19.8 −23.7 43.5 41.3
IWP MODIS 247.2 14.8 15.2 0.05 0.06 −232.4 −232.0 −94.0 −93.9 94.0 93.9
PWV MODIS 1.89 2.17 2.16 0.98 0.98 0.28 0.27 14.9 14.1 16.5 16.0
PM10 China 90.9 128.5 123.6 0.05 0.04 37.6 32.7 41.4 36.0 79.2 74.4

Hong Kong 56.1 43.0 30.6 0.12 0.15 −13.1 −25.5 −23.3 −45.5 62.3 59.9
Taiwan 69.6 29.7 35.8 0.41 0.60 −39.9 −33.7 −57.4 −48.5 58.1 49.4

PM2.5 Hong Kong 29.9 38.7 26.2 0.27 0.33 8.9 −3.7 29.6 −12.3 75.2 54.7
Taiwan 34.2 21.8 28.1 0.44 0.59 −12.4 −6.1 −36.2 −17.7 38.6 26.7

CO Hong Kong 886.6 521.0 399.6 0.37 0.38 −365.6 −487.0 −41.2 −54.9 44.5 56.3
Taiwan 0.47 0.26 0.29 0.17 0.08 −0.21 −0.18 −44.5 −39.1 44.7 39.5

Column CO MOPITT 2.78 2.58 2.56 0.68 0.66 −0.19 −0.21 −6.9 −7.7 15.3 16.0
NOx Hong Kong 151.1 73.0 37.7 0.38 0.44 −78.1 −113.4 −51.7 −75.0 57.2 75.4
NO Taiwan 4.58 2.95 3.04 0.07 0.09 −1.62 −1.53 −35.5 −33.5 68.9 69.4
NO2 Hong Kong 66.4 56.2 32.3 0.38 0.42 −10.1 −34.0 −15.2 −51.3 42.3 57.1

Taiwan 16.1 17.2 17.6 0.15 0.03 1.1 1.5 6.6 9.3 42.7 47.5
Column NO2 SCIAMACHY 6.9 16.8 13.5 0.73 0.77 9.9 6.6 143.4 95.7 149.4 105.5
O3 Hong Kong 40.5 45.2 68.9 0.56 0.62 4.6 28.3 11.5 69.8 67.9 86.7

Taiwan 33.5 33.3 35.4 0.15 0.01 −0.14 1.88 −0.4 5.6 21.0 21.3
TOR OMI/MLS 32.9 39.7 39.8 0.63 0.62 6.8 6.9 20.6 21.0 22.0 22.4
SO2 Hong Kong 11.1 32.8 21.2 0.30 0.42 21.6 10.1 194.1 90.9 209.2 118.1

Taiwan 4.04 1.15 1.56 0.34 0.32 −2.9 −2.48 −71.5 −61.4 74.5 67.3
Column SO2 SCIAMACHY 0.43 0.54 0.57 0.49 0.47 0.11 0.14 25.4 33.4 66.0 72.1

a Units are the same for all variables in Table 2.
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a suburban site and Miyun as a rural site). Overall the model predicts
weekly variation of PM2.5 better over the THU site than Miyun. PM2.5 is
dominated by dust particles (representing by OIN) and OC during the
measurement period at both sites. The performance differences to grid
resolutions is much more apparent for PM2.5 concentrations (Fig. 5)
compared to PM10 (Fig. 4b and c), with the highest concentrations at a
4-km resolution and the lowest concentrations at a 12-km resolution at
both sites. At THU, the simulation at the 4-km resolution gives the best
performance most of time except for 4/9-4/30 when the simulation at

the 12-km resolution performs the best and both 12-km and 36-km
resolutions largely underpredict PM2.5. At Miyun, the simulation at
the12-km resolution predicts PM2.5 concentrations that are the closest
to observations during most of time and the simulation at the 4-km
resolution performs the worst with large overpredictions most of time.

Tables 2–4 summarizes the domain-average statistics for all the
major chemical variables evaluated in this work against various surface
and satellite datasets in D01, D02, and D03, respectively, for BASE and
also show the performance sensitivity to different grid resolutions by

Table 4
Performance statistics of BASE for spring (March–May) 2010 over domain D03 (simulations over D01, D02, and D03 against observations over D03).

Variablesa Datasets Mean Obs Mean Sim R MB NMB (%) NME (%)

D01 D02 D03 D01 D02 D03 D01 D02 D03 D01 D02 D03 D01 D02 D03

T2 NCDC 11.38 10.1 10.3 10.33 0.98 0.99 0.99 −1.26 −1.07 −1.04 −11.0 −9.4 −9.2 12.9 10.5 10.2
Q2 NCDC 4.3 3.8 3.9 3.9 0.99 0.99 0.99 −0.47 −0.41 −0.37 −10.9 −9.5 −8.8 10.9 9.5 8.8
WS10 NCDC 3.06 3.46 3.34 3.19 0.16 0.14 0.18 0.40 0.28 0.13 13.1 9.1 4.2 28.6 27.9 26.9
WD10 NCDC 203.2 193.3 195.8 202.6 0.27 0.51 0.56 −9.9 −7.4 −0.6 −4.9 −3.6 −0.3 11.4 9.1 9.0
Precipitation NCDC 0.88 0.84 0.83 0.91 0.58 0.69 0.66 −0.05 −0.05 0.03 −5.2 −6.2 3.6 55.2 53.8 55.3

GPCP 0.7 0.9 0.9 1.0 0.22 0.22 0.23 0.22 0.25 0.32 31.6 35.2 45.6 81.1 85.2 90.9
TMPA 0.93 0.92 0.95 1.02 0.75 0.73 0.67 −0.01 0.02 0.09 −0.9 1.8 9.6 18.6 19.1 22.5

SWDOWN CERES 204.5 227.3 228.4 228.3 0.97 0.97 0.97 22.8 23.9 23.8 11.2 11.7 11.7 11.2 11.7 11.7
LWDOWN CERES 296.1 286.2 285.6 285.6 0.99 0.99 0.98 −9.9 −10.5 −10.5 −3.3 −3.5 −3.6 3.4 3.7 3.7
SWCF CERES −48.0 −33.6 −32.7 −32.6 0.86 0.86 0.85 −14.5 −15.4 −15.4 −30.1 −32.0 −32.1 30.3 32.0 32.1
LWCF CERES 30.4 23.2 22.5 22.7 0.50 0.38 0.33 −7.2 −7.9 −7.7 −23.8 −25.9 −25.4 23.9 25.9 25.5
OLR CDC 224.0 226.5 227.3 227.0 0.92 0.90 0.90 2.5 3.3 3.0 1.1 1.5 1.3 2.5 2.9 2.9
AOD MODIS 0.48 0.65 0.64 0.64 0.69 0.65 0.64 0.17 0.16 0.16 34.6 32.4 32.7 41.9 41.6 41.9

AERONET 0.70 0.60 0.59 0.59 0.37 0.37 0.36 −0.10 −0.11 −0.11 −13.8 −15.1 −15.0 56.8 56.4 56.7
COT MODIS 12.9 6.1 5.9 6.1 0.50 0.30 0.28 −6.8 −7.0 −6.8 −52.5 −54.3 −52.6 52.5 54.3 52.6
CF MODIS 0.67 0.40 0.41 0.43 −0.19 −0.10 −0.07 −0.27 −0.25 −0.24 −39.8 −37.8 −36.0 39.8 37.8 36.0
CCN MODIS 4.67 1.39 1.56 1.54 −0.39 −0.36 −0.35 −3.28 −3.11 −3.13 −70.2 −66.7 −67.1 70.2 66.7 67.1
CDNC MODIS 161.4 127.7 159.9 154.2 −0.10 −0.10 −0.10 −33.7 −1.5 −7.2 −20.9 −0.9 −4.5 57.4 59.7 60.6
LWP MODIS 86.3 25.7 24.3 24.9 0.67 0.49 0.48 −60.5 −61.9 −61.4 −70.2 −71.8 −71.1 70.2 71.8 71.1
IWP MODIS 191.0 17.6 17.3 17.9 −0.31 −0.21 −0.21 −173.5 −173.8 −173.1 −90.8 −91.0 −90.6 90.8 91.0 90.6
PWV MODIS 1.06 1.08 1.07 1.07 0.98 0.98 0.97 0.01 0.01 0.01 1.2 0.6 0.7 7.5 7.8 8.1
PM10 China 111.1 164.0 168.0 163.1 0.05 0.04 0.05 52.9 56.9 52.1 47.6 51.2 46.9 51.5 55.6 50.6
Column CO MOPITT 3.15 3.03 3.00 3.02 0.76 0.76 0.72 −0.12 −0.15 −0.13 −3.8 −4.7 −4.3 8.7 9.2 9.7
Column NO2 SCIAMACHY 24.0 37.0 32.4 31.9 0.60 0.70 0.67 13.0 8.3 7.9 54.0 34.7 32.8 58.8 43.4 43.0
TOR OMI/MLS 32.2 38.9 39.0 39.0 0.66 0.62 0.62 6.7 6.8 6.8 20.7 21.1 21.1 21.3 21.7 21.8
Column SO2 SCIAMACHY 0.73 1.19 1.26 1.26 0.11 0.10 0.09 0.47 0.53 0.53 64.0 73.0 72.9 71.6 79.8 80.1

a Units are the same for all variables in Table 2.

Fig. 2. Scatter plots of seasonal mean observed and simulated T2, Q2, WS10, and precipitation (from left to right) over individual sites (represented by individual dots) of NCDC for BASE
in D02 and D03 for spring 2010.
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using the same common data for different resolutions (Tables 3 and 4).
In D01, BASE predicts surface O3 and NO2 well with NMBs within±
15% in Hong Kong, Taiwan, and South Korea and less than −20% in
Japan. The model predicts PM2.5 and PM10 reasonably well with NMBs
typically within± 30% in mainland China, Hong Kong, and Japan,
considering the higher benchmark values recommended by the U.S.
EPA (US EPA, 2007) for model evaluation of PM2.5 compared to O3 (i.e.,
NMB of ≤±15% and±30% for O3 and PM2.5, respectively). How-
ever, BASE largely underpredicts CO, NO, NOx, and SO2 against most
datasets. The relatively poor performance for those variables is overall

consistent with Zhang (2014) and can be largely attributed to un-
certainties associated with the emission inventory and the emission
vertical distributions for CO, NO, and SO2. As shown in Tables 3 and 4,
the use of 12-km resolution leads to better performance for most vari-
ables such as PM10 in mainland China and Taiwan, PM2.5 in Hong Kong
and Taiwan, CO in Taiwan, and SO2 in Hong Kong and Taiwan in terms
of NMBs, NMEs, and Rs compared to the 36-km resolution. Further-
more, the 4-km resolution yields the best performance for PM10 and
NO2, despite limited datasets are available to evaluate the simulations
in D03.

Fig. 3. Seasonal mean observed and simulated skew-T plots of temperature (red and black solid lines, respectively), dew point temperature (red and black dash lines, respectively), and
wind speed and direction (red and black staffs and attached barbs, respectively; the triangle, long barb and a short barb perpendicular to the overall staff representing 50, 10 and 5 knots,
respectively) at four selected sites (i.e., Beijing, Yan An, Hong Kong, and Taibei) in D02 or D03 for BASE. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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The comparison also shows the use of finer grid resolutions in this
study does not necessarily outperforms the coarser resolution nor it
shows significant improvements for all chemical species, which is
consistent with some previous studies (Queen and Zhang, 2008;

Fountoukis et al., 2013; Zhang et al., 2013; Kuik et al., 2016). As in-
dicated by Zhang et al. (2013) and Kuik et al. (2016), the potential
worse performance of simulations with finer resolutions for chemical
species could be due to the nonlinear interactions between meteorology

Fig. 4. (a) Simulated seasonal mean PM10

concentrations overlaid with observations
from API in D01; (b) observed and simu-
lated every-6 hr PM10 concentrations at a
site in Beijing in D01, D02, and D03; (c)
observed and simulated daily PM10 con-
centrations at a site in Tianjin in D01,
D02, and D03 for BASE.
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and chemistry and their responses to grid resolutions and higher un-
certainties associated with the model inputs (e.g., emissions) or para-
meters at the finer grid resolutions. In addition, the grid-averaging ef-
fects of land use data and emissions at a coarser grid resolution may
sometime smooth out uncertainties of model predictions and therefore
result in better agreements with observations.

3.3. Radiation and cloud associated variables

Fig. 6 shows the spatial differences between simulation BASE and
MODIS retrievals for CCN at supersaturation of 0.5% (observations only
available over the ocean), CDNC, CF, and COT in D02 for spring 2010.
As shown, BASE largely underpredicts CCN along the coastlines, espe-
cially over the Bohai Bay and eastern China coastal areas, due to un-
derpredictions of aerosols over those regions (See Table 3) or high
uncertainties associated with CCN retrievals especially under polluted
marine environments (Andreae, 2009). The model also moderately
overpredicts CDNC in widespread areas of eastern and southeastern
China and Koreas while largely underpredicts CDNC in other regions.
CF is relatively well predicted with the lowest biases over southeastern
China. The spatial variation of model biases for COT and LWP (figure
not shown) are similar with both showing moderate overpredictions in
southeastern China and large widespread underpredictions over the rest
of the domain. The underpredictions of COT and LWP are more con-
sistent with the underprediction of CDNC. As reported by Lim et al.
(2014), the inclusion of cloud microphysics and aerosol-cloud interac-
tions in the new ZM cumulus scheme in the current version of WRF-
CAM5 may generate much higher total cloud liquid water. The over-
prediction of LWP in the above region could indicate the excessive
predicted cloud liquid water, which may also lead to positive biases of
COT.

The model sensitivity to grid resolutions for selected radiation
variables (i.e., SWDOWN, LWDOWN, SWCF, and AOD) is further

examined in Fig. 7 and Fig. S6–S7. BASE with grid resolutions of both
12-km and 36-km shows similar widespread overprediction of
SWDOWN in D02. The model biases of SWDOWN over the southern
part of the domain are mainly due to large underpredictions of AOD as
shown in Fig. 7, while those over the northern part of the domain are
more likely to be related to underpredictions of LWP and COT as shown
in Fig. 6. Relatively large underpredictions of LWDOWN occur over the
northern part of the D02 domain, which are also associated with un-
derpredictions of cloud variables over the same region. There are also
widespread underpredictions of SWCF across the domains, which is
related to the negative biases of cloud fraction and COT. Large over-
prediction and underprediction of AOD also occur over the northern
and southern parts of the domain, respectively, mainly due to potential
overprediction of dust concentrations in northern source and downwind
areas as discussed in Section 3.2 and underprediction of aerosols over
the southern areas as shown in Tables 2 and 3. As shown in Fig. 7 and
Fig. S6, the simulation at a finer grid resolution (i.e., 12-km vs 36-km)
does not show superior performance for major radiation variables de-
spite showing more detailed spatial variations. The domain-average
statistics for radiation and cloud variables in both D02 and D03 are
further summarized in Tables 3 and 4. Similar to the simulation with
36-km resolution, 12-km shows overall good performance for
SWDOWN, LWDOWN, OLR, COT, CF, CDNC, and PWV, moderate per-
formance for SWCF, LWCF, AOD, and LWP, respectively, and poor
performance (large underpredictions) for CCN and IWP. The perfor-
mance for 4-km resolution is generally comparable to but not superior
to 36-km and 12-km resolutions. The large underpredictions of cloud
variables could be in part due to the underpredictions of aerosol con-
centrations and more possibly the uncertainties associated with aerosol
activation treatment and cloud schemes.

Fig. 5. Observed and simulated daily time series and seasonal mean PM2.5 and its component concentrations at two sites in Beijing: Tsinghua (THU) and Miyun, respectively, in D01, D02,
and D03 for BASE.
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4. Sensitivity studies

4.1. Impacts of different aerosol activation parameterizations

4.1.1. Performance comparison against observations
Fig. 6 also shows the spatial differences between SEN1 and MODIS

retrievals for CCN at supersaturation of 0.5%, CDNC, CF, and COT in
D02 to compare model performance between SEN1 and BASE. As
shown, SEN1 gives much higher widespread overprediction of CDNC
over land and changes performance from underprediction to over-
prediction over large areas of domain. The much higher CDNC pre-
dictions by SEN1 might be due to two reasons. One reason is associated
with the much higher activation fractions in low altitude warm clouds
for the accumulation mode particles by FN05 as reported by Zhang
et al. (2015a). Another reason might be associated with the dust ad-
sorptive activation in K09 in the FN series scheme. It is found in Section
4.2 that adsorptive activation from dust particles may contribute sig-
nificantly to the increase of total CDNC (∼45%) between the FN and
AG00 schemes. Large overprediction of dust concentrations as indicated
in Section 3.2 may further lead to the overprediction of CDNC by SEN1,
especially over northern part of domain. The increases of CDNC from
SEN1 further slightly increase CF and moderately increase COT, which
in turn deteriorate the performance of COT over southeastern China
and improve the performance of COT and CF over rest of the domain
compared to BASE. As shown in Tables 2–4 and Tables S3–S5, SEN1
shows performance improvements against BASE at different resolutions
for most cloud variables with, for example, domain-average NMBs of
−24.5% vs. −35.8% for COT, −10.0% vs. −10.6% for CF, and
−34.3% vs −47.5% for CWP, respectively, in D01. The improvements
for COT, CF, and CWP further lead to better performance for major
radiative variables and precipitation in SEN1 vs. BASE. The impacts of
the FN series schemes on other meteorological and chemical variables
in terms of statistics are relatively small due to the smaller effects of
aerosol activation on those variables through feedbacks.

Fig. 8 shows meridional mean time series plots for precipitation in
D03 at resolutions 36-, 12-, and 4-km, respectively, compared with
TMPA observations between BASE and SEN1. The time period on the x-
axis covers Julian Days 60–151 (i.e., from March 01 to May 31, 2010).

As shown, BASE across different resolutions is able to capture all the
major precipitation events (e.g., on Julian Days 70–75, 99–104,
120–126, and 134–139) during the simulation time period, despite
some biases in terms of precipitation amounts and locations. For ex-
ample, BASE overpredicts precipitation between 37.6 and 39.6 °N
during Julian Days 70–75 and underpredicts it between 40.2-41.2 °N
and 37.6–39.6 °N during Julian Days 120–126. The overall performance
for precipitation at finer grid resolutions (e.g., 4-km) is slightly better
than coarser resolution, especially for the heavy rain event during Ju-
lian Days 120–126. The performance of SEN1 across different resolu-
tions is generally comparable to BASE for most of the time periods
except during Julian Days 120–126, when SEN1 predicts much higher
precipitation than BASE and shows generally better agreement with
observations. The results here indicate that the impacts of different
aerosol activation parameterizations on precipitation are more sig-
nificant than those of grid resolutions.

4.1.2. Impacts on cloud/radiation and air quality
Fig. 9a and b show the differences between SEN1 and BASE for

CDNC, COT, LWP, precipitation, SWDOWN, T2, PBL height, and WS10
in D03 to demonstrate the impacts of the FN series aerosol activation
schemes on meteorology and aerosol-cloud interactions (Figs. S8–S10
shows similar results for other domains). As expected, CDNC predicted
by SEN1 using the FN aerosol activation scheme is much higher than
BASE in D01 with increases by up to 10.5×104 cm−3 (> 100%),
especially over the eastern part of domain where atmospheric moisture
are high. The increase of CDNC in turn increases COT by up to 3.6
(18.8%) and LWP by up to 18.0 gm−2 (33.2%), and increases cloud
cover (not shown) that decreases SWDOWN by up to 7.5Wm−2 (3.2%).
The aforementioned changes further decrease T2 by up to 0.3 °C
(> 100%) and PBL height by up to 30.7 m (6.7%) through the indirect
cloud-radiation feedbacks. Precipitation mainly increases in D03 where
cold clouds are dominant, which is consistent with other modeling
studies (e.g., Lim et al., 2014). The domain-average precipitation is
increased by 0.1 mm day−1 (10%), due to the increase of LWP (Zhang
et al., 2015a).

The impacts of the FN series aerosol activation schemes on air
quality in D03 is further examined in Fig. 9c for major air pollutants

Fig. 6. Spatial differences between seasonal mean simulation and observations for CCN at S= 0.5%, CDNC, CF, and COT (from left to right) for BASE and SEN1 in D02 for spring 2010.
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such as O3, NO2, SO2, and PM2.5. The air pollution is the most severe in
China over the Beijing-Tianjin-Hebei area in D03 of this study. The
mixing ratio of O3 decreases over most areas of D03 by up to −2.0 ppb
(−9.0%), which is consistent with the reduction of solar radiation and
T2 caused by aerosol-cloud interactions. The increases of NO2 mixing
ratios by up to 0.7 ppb (4.0%) in D03 are mainly due to the decrease of
its photolytic rate, which also contributes to the decrease of O3 through
the chemical titration. The SO2 mixing ratio decreases over the large
area of the northern domain by up to −1.5 ppb (−5.0%), mainly
caused by the increase of PBLH and wind speed over the same areas.
Large decrease of PM2.5 by up to −8.0 μgm−3 (−7.0%) occurs over
Beijing and Tianjin areas mainly due to the reduced BC and POA caused
by the increased dispersion (increase of PBL height and wind speed)
over the same area. The above results show moderate improvements of
the FN series scheme in air quality simulation in the heavily polluted
area and thus indicate the importance of inclusion of the FN series in
the model.

4.2. Impacts of adsorptive activation of dust particles

In this section, the impacts of adsorptive activation of dust particles
on the simulations are further examined in D03. In addition, the si-
mulation results from SEN1 and SEN2 in D03 are split into two shorter
time periods, including the dust storm period (when the maximum dust
concentrations over the domain are more than 200 μgm−3; 33 days in
total) and non-dust storm period (59 days in total). The domain-average
concentrations of fine-mode dust between dust and non-dust storm
periods are 59.9 vs. 21.1 μgm−3, respectively, while the aerosol con-
centrations without dust are more comparable (i.e., 33.5 vs.
36.6 μgm−3) (see Fig. S11).

Figs. 10–12 show the differences between SEN1 and SEN2 for si-
milar cloud, meteorological, and air quality variables as shown in Fig. 9
to demonstrate the impacts of the adsorptive activation of dust particles
treated in the FN series parameterization on those variables. As shown,
the inclusion of dust particles to aerosol activation increases the CDNC
over the domain as expected but to a lesser extent than the impact of

Fig. 7. Spatial differences between simulation and observations for SWDOWN, LWDOWN, SWCF, and AOD (from top to bottom) for BASE in D02 for spring 2010.
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changing the aerosol activation parameterization from AG to FN05
series (Fig. 9a). The adsorptive activation of dust particles may con-
tribute roughly 45% of increase of CDNC (the domain-average of 2.6 vs.
5.8× 104 cm−3 between SEN1-SEN2 and SEN1-BASE) in D03, which is
consistent with the range reported by Karydis et al. (2011). The

increases of CDNC also increase COT and LWP and generally decrease
precipitation. In contrast to Fig. 9b, larger areas of increase of
SWDOWN and T2 over the western part of D03 occur, which is due to
the decrease of AOD (figure not shown). The decrease of SWDOWN and
T2 over the eastern and southeastern part of D03 is due to the large

Fig. 8. Time-series-meridional analysis of BASE and SEN1 over the 36-in-4 km, 12-in-4 km, and 4 km domains (results from coarser domain are remapped finer domain by applying the
bilinear weighted interpolation) compared against the TMPA observations. Values represent 5-day running averages. Time period on the x-axis pertains to Julian Day 60–151 (March 01 –
May 31, 2010).
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increase of cloud cover (figures not shown). PBL height and WS10 also
largely increase especially over the western part of D03 through the
aerosol semi-effects caused by the increase of SWDOWN and T2. As
shown, the impacts of adsorptive activation of dust particles on those
major cloud and meteorological variables are generally larger during
the dust storm periods than non-dust storm periods especially for
CDNC, COT, LWP, precipitation, and PBL height. For example, the de-
crease of precipitation due to adsorptive dust activation may reach up
to 1.64mm day−1 during dust storm periods compared to only 0.56mm
day−1 during non-dust storm periods. The impacts on SWDOWN and T2
are more complicated, with opposite changes for T2 caused by complex
aerosol semi-direct effects. As shown in Fig. 12, the impacts of ad-
sorptive activation of dust on air quality are more complicated than
those shown in Fig. 9c over the whole time period. The O3 mixing ratios
decrease in the northwestern and southeastern areas of D03 but they
increase in the central area over Beijing and Tianjin. The decrease in the
northwestern region is mainly due to the large increase of PBL height
while the decrease in the southeastern region and increase in the

central region are determined by the decrease or increase of SWDOWN
and T2 over those areas. The changes of NO2 show the opposite pattern
as O3 which indicates the dominant impacts of O3 titration. The in-
crease of O3 especially over the central domain leads to the large de-
crease of SO2 caused by more oxidation. The domain-average decrease
of PM2.5 is more dominated by the increase of dispersion caused by
increasing PBL height. Unlike cloud variables, the impacts on air quality
seem to be more complex (sometimes with opposite trends) between
dust and non-dust storm periods due to complex aerosol effects under
different levels of anthropogenic air pollutants between two periods
(e.g., the anthropogenic air pollutants are generally higher during non-
dust period).

Fig. 13 shows zonally-averaged cross-section plots for total dust
concentrations, changes (SEN1-SEN2) of activation fraction (in per-
centage) of dust, changes of CDNC, and changes of LWP, respectively,
due to adsorptive dust activation during the dust and non-dust storm
periods in D03 in spring 2010. As expected, dust concentrations are
much higher during dust periods than non-dust periods. The dust

Fig. 9. Differences of seasonal mean between SEN1 and BASE (FN-AG) for a) left panel: CDNC, COT, LWP, and precipitation (from top to bottom); b) center panel: SWDOWN, T2, PBL
height, and WS10 (from top to bottom); c) right panel: O3, NO2, SO2, and PM2.5 (from top to bottom) in D03 in spring 2010.
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concentrations peak in the lower troposphere at around 850 hPa during
dust periods and at around 800 hPa during non-dust periods, which is
consistent with previous studies on the Asian dust transport pathways
(Wang et al., 2012). High dust concentrations also occur in the southern
part of the domain, indicating the northward transport pathway in D03,
which is consistent with the finding of Zhang et al. (2003). The changes
of activation fraction between SEN1 and SEN2 are generally compar-
able between different dust periods with slightly higher increase during
the dust storm periods. Increases of activation fraction for both periods
peak (> 50%) between 850 and 500 hPa, which lead to large increase
of CDNC as shown in the same figure. There is another peak for in-
creases of CDNC for both periods near the surface layers, which could
be caused by moderately high dust concentrations and higher atmo-
spheric moisture near the surface layers. The height of the peaks of
increases of CDNC gradually decreases towards the north, which aligns
well with the changes of moisture profiles. Increases of CDNC during
dust episodes are also larger than non-dust episodes mainly due to the
adsorptive activation of more dust particles, which is consistent with
Fig. 10. The increases of CDNC also further increase LWP through mi-
crophysics processes as discussed before.

5. Conclusions

In this study, triple-nested simulations across 36-, 12-, and 4-km
horizontal grid resolutions using the online-coupled regional climate/
air quality model WRF-CAM5 have been conducted to investigate the
model performance at various grid resolutions especially for the fine
scales for major meteorological, chemical, and radiation/cloud vari-
ables and the impacts of different aerosol activation parameterizations
on regional climate and air quality. To achieve the goal of this work,
three sets of simulations have been conducted including BASE using the
default aerosol activation scheme (i.e., AG00), SEN1 using the updated
aerosol activation scheme (i.e., FN series), and SEN2 using the same FN
series scheme but excluding the adsorptive activation of dust particles
treatment.

Model evaluation of BASE against surface, radiosonde, and satellite
datasets shows that WRF-CAM5 can reproduce major meteorological
and radiation variables very well especially for T2, Q2, WS10, WD10,
SWDOWN, LWDOWN, and OLR with the domain-average NMBs typi-
cally within±15% across different grid resolutions. However, the
model grossly overpredicts precipitation against different datasets at

Fig. 10. Differences between SEN1 and SEN2 (FN-FN no dust activation) for CDNC, COT, LWP, and precipitation (from top to bottom) during the whole period (left panel), dust period
(center panel), and non-dust period (right panel) in D03 in spring 2010.
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the 36-km resolution, which might be caused by a few factors including
uncertainties associated with the microphysics scheme (i.e., the
Morrison scheme in the work) and the land surface scheme (i.e., the
NOAH scheme) and the missing cloud-radiation feedbacks for the
convective cloud in the current version of model. The model perfor-
mance for chemical variables is mixed, depending on the species. BASE
captures a few major dust storm events by reproducing the observed
PM10 concentrations from various datasets, which have also been re-
ported by previous studies (Bian et al., 2011; Li et al., 2011; Zhao et al.,
2011) despite some potential overestimation of dust emissions caused
by overprediction of wind speeds in the source regions and un-
certainties in the dust emission scheme. The model also reproduces the
observed surface O3, NO2, PM2.5, PM10, column CO and SO2, and TOR
reasonably well with NMBs typically between±15% and±30%, al-
though giving worse performance for surface NO, SO2, and column
NO2. For radiation and cloud variables, BASE shows good performance
for shortwave and longwave radiation, CF, and PWV with domain-
average NMBs of within± 15% and moderately or significantly un-
derpredicts variables such as AOD, COT, CCN, CDNC, and LWP with
NMBs typically > ±30% across all grid resolutions. The large

underpredictions for those variables are partially due to the under-
predictions of aerosol concentrations and more possibly high un-
certainties associated with the model treatments of aerosol activation
and aerosol-cloud interactions.

The model performance sensitivity to horizontal grid resolutions is
further examined through analysis of temporal variation and domain-
average statistics of major meteorological, chemical, and radiation/
cloud variables. In general, WRF-CAM5 at a finer resolution gives better
performance for T2, Q2, WS10, and WD10 and major surface chemical
species (except those over Hong Kong) than coarser resolution in terms
of both temporal variation and statistics performance. However, some
chemical variables and variables associated with aerosol-cloud inter-
action from the finer resolutions are only comparable and not ne-
cessarily superior to coarser resolutions. For example, the predictions of
domain-average COT and LWP and many chemical variables in Hong
Kong are worse at 12-km compared to 36-km resolution. The 4-km
predictions only give noticeably better performance for surface PM10

and column NO2 (partially due to lack of surface measurements).
Overall, the model performance comparison across different resolutions
shows encouraging results for major surface meteorological and

Fig. 11. Differences between SEN1 and SEN2 (FN-FN no dust activation) for SWDOWN, T2, PBL height, and WS10 (from top to bottom) during the whole period (left panel), dust period
(center panel), and non-dust period (right panel) in D03 in spring 2010.
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chemical variables the fine scale application of the WRF-CAM5 model.
By using the updated FN series aerosol activation scheme, SEN1

shows much larger (potentially excessive) CDNC predictions compared
to BASE. The larger predicted CDNC in turn increases LWP, CF, and
COT and decreases incoming solar radiation, T2, and precipitation
through the aerosol-cloud interactions. The aerosol indirect effects si-
mulated by different aerosol activation treatments can further change
the air quality (e.g., decreasing O3 through reduced radiation and T2
and increasing NO2 through reduced photolysis rates). The model
performance for most of the radiation/cloud variables is further im-
proved by using the FN series scheme. For example, the domain-
average NMBs for LWP, CF, and COT have been reduced from −47.5%,
−10.6%, and −35.8%, respectively, in BASE to −34.3%, −10.0%,
and −24.5%, respectively, in SEN1 at 36-km resolution. The model
performance for radiation variables and precipitation has also been
slightly improved. The inclusion of adsorptive activation of dust par-
ticles (i.e., K09) shows similar impacts on both meteorology and air
quality as compared to differences between the FN series and AG
schemes, but to a lesser extent. The contribution can be quite significant
for some variables (e.g.,∼45% contribution from dust for the change of

CDNC in D03) during dust storm episodes compared to the overall
differences between the FN and AG schemes.

Compared with a precedent work by Zhang et al. (2015a), although
this study uses the same version of model and 36-km outer domain, the
emphases are noticeably different. First, this study focuses on a specific
episode with extreme dust storm events instead of annual simulations.
The dust (surrogated by PM10) performance is comprehensively eval-
uated and impacts of model biases on aerosol-cloud interactions are
investigated. Second, the simulations are conducted over triple-nested
domains with a focus on the fine scale resolution. To our knowledge,
there are very few fine resolution studies over East Asia (e.g., 4-km)
with a focus on aerosol-cloud interactions using advanced online cou-
pled model with aerosol impacts on subgrid cumulus clouds considered.
The impacts of fine grid resolutions on model performance are also
extensively discussed. Third, impacts of the unique dust adsorptive
activation mechanism in the FN series scheme on the cloud formation
and regional air quality are more completely examined. It is concluded
that the contribution from this mechanism is quite significant during
the dust storm events and indicates its importance in modulating re-
gional climate in East Asia.

Fig. 12. Differences between SEN1 and SEN2 (FN-FN no dust activation) for O3, NO2, SO2, and PM2.5 (from top to bottom) during the whole period (left panel), dust period (center panel),
and non-dust period (right panel) in D03 in spring 2010.
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Fig. 13. Zonally-averaged cross-section plots for dust concentrations, differences (SEN1-SEN2) of activation percentage of dust, CDNC, and LWP during dust and non-dust periods in D03
in spring 2010.
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Finally, a few caveats should be noted in this work and may be
considered in future model development to further improve the model
performance of WRF-CAM5. First, the initial development of the MAM3
aerosol module targeted the study of climate and aerosol-cloud inter-
actions on global scale. To reduce computational cost, nitrate (its
contribution to global aerosol loading is relatively low as well) is not
treated and only a simplified SOA module is included in MAM3.
However for regional climate/air quality studies, the contribution of
aerosol nitrate to PM2.5 might not be negligible or can even be quite
significant during certain episodes (such as winter hazes in East Asia) as
reported by previous studies (e.g., Zheng et al., 2015; Zhang et al.,
2016). The simplified SOA module has also been found by previous
studies (Zhang, 2014; Zhang et al., 2015a) to potentially underestimate
the SOA concentrations. Inclusion of aerosol nitrate and more sophis-
ticated SOA treatments will very likely improve the aerosol predictions
and potentially improve the aerosol-cloud interactions in WRF-CAM5.
Second, as reported by a few studies (e.g., Wang et al., 2012; Zheng
et al., 2015), the heterogeneous chemistry on the dust particles during
dust storm episodes may significantly increase PM2.5 concentrations
and also change its composition, which may further affect the aerosol-
cloud interactions and should be considered in future model develop-
ment. Third, it has been noted that the ZM cumulus parameterization
has a relatively poor scale sensitivity when applying to resolution finer
than 36-km (Yun et al., 2017), which could compromise the model
performance at the higher resolutions such as 12- and 4-km.
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