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Abstract 20 

Aerosol activation into cloud droplets is an important process that governs aerosol 21 
indirect effects. The advanced treatment of aerosol activation by Fountoukis and Nenes (2005) 22 
and its recent updates, collectively called the FN series, have been incorporated into a newly 23 
developed regional coupled climate-air quality model based on the Weather Research and 24 
Forecasting model with the physics package of the Community Atmosphere Model version 5 25 
(WRF-CAM5) to simulate aerosol-cloud interactions in both resolved and convective clouds.  26 
The model is applied to East Asia for two full years of 2005 and 2010. A comprehensive model 27 
evaluation is performed for model predictions of meteorological, radiative, and cloud variables, 28 
chemical concentrations, as well as column mass abundances against satellite data and surface 29 
observations from air quality monitoring sites across East Asia.  The model performs overall 30 
well for major meteorological variables including near surface temperature, specific humidity, 31 
and wind speed, precipitation, cloud fraction, precipitable water, downward shortwave and 32 
longwave radiation, as well as column mass abundances of CO, SO2, NO2, HCHO, and O3 in 33 
terms of both magnitudes and spatial distributions.  Larger biases exist in the predictions of 34 
surface concentrations of CO and NOx at all sites and SO2, O3, PM2.5, and PM10 concentrations at 35 
some sites, aerosol optical depth, cloud condensation nuclei over ocean, cloud droplet number 36 
concentration (CDNC), cloud liquid and ice water path, and cloud optical thickness. Compared 37 
with the default Abdul-Razzack Ghan (2000) parameterization, simulations with the FN series 38 
produce ~107-113% higher CDNC, with half of the difference attributable to the higher aerosol 39 
activation fraction by the FN series, and the remaining half due to feedbacks in subsequent cloud 40 
microphysical processes. With the higher CDNC, the FN series are more skillful in simulating 41 
cloud water path, cloud optical thickness, downward shortwave radiation, shortwave cloud 42 
forcing, and precipitation. The model evaluation identifies several areas of improvements 43 
including emissions and their vertical allocation as well as model formulations such as aerosol 44 
formation, cloud droplet nucleation, and ice nucleation.  45 

 46 
Keywords: WRF-CAM5, CCN activation, aerosol indirect effects, model improvement and 47 
evaluation, East Asia48 



 

2 
 

1. Introduction 49 

Aerosols play an important role in the climate system by scattering and/or absorbing solar 50 

radiation to directly perturb the global radiation balance, and by serving as cloud condensation 51 

nuclei (CCN) and ice nuclei (IN) to affect cloud formation and properties. Aerosol activation, 52 

also referred to as droplet nucleation, which determines the fraction of aerosols that can serve as 53 

CCN and grow into cloud droplets, provides a crucial link between aerosol particles and the 54 

climate system. Therefore model representations of aerosol activation processes could have 55 

potentially large impacts on climate change projections. Ghan et al. (2011) evaluated two 56 

physically-based aerosol activation parameterizations in a global climate model and reported a 57 

10% difference in the simulated cloud droplet number, which caused a 10% difference in the 58 

estimated effect of anthropogenic aerosols on shortwave cloud forcing (SWCF). Zhang et al. 59 

(2012) evaluated two physically-based aerosol activation parameterizations in a global coupled 60 

meteorology and chemistry model and reported differences of up to a factor of 2 in the simulated 61 

cloud droplet number concentration (CDNC), and up to 40% and 50% differences in the 62 

simulated cloud effective radius (CER) and cloud optical depth (COT), respectively. 63 

Cloud droplets form in the presence of CCN according to the Köhler theory (Köhler, 64 

1936) that describes how water vapor condenses on particles and determines whether a dry 65 

particle with a certain size and chemical compositions can be activated as CCN at a given water 66 

vapor supersaturation level. Analytical solutions of CCN concentrations cannot be achieved 67 

when aerosols of different sizes and chemical properties are present because of the high 68 

complexity (Ghan et al., 2011). Although accurate numerical solutions could be achieved by 69 

dividing aerosols into a large number of sub-groups with relatively homogeneous properties, this 70 

approach is too computationally expensive for use in current global or regional model 71 

simulations. Early attempts to relate aerosols and cloud droplets were mainly based on empirical 72 
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relationships between CCN and aerosol species derived from observations at specific sites, thus 73 

limiting their applicability over a large domain.  74 

Several physically-based aerosol activation parameterizations have been developed for 75 

climate models to simulate CCN concentration accurately and efficiently. Abdul-Razzak et al. 76 

(1998) developed an aerosol activation parameterization for single aerosol type with lognormal 77 

size distribution, and extended it for multiple externally-mixed lognormal modes with each mode 78 

of soluble and insoluble material internally-mixed (hereafter AR-G00), and for sectional 79 

representation of aerosols (Abdul-Razzak and Ghan, 2002) (hereafter AR-G02).  Nenes and 80 

Seinfeld (2003) (hereafter NS03) developed an aerosol activation parameterization for a 81 

sectional representation of aerosol size distribution using an approach different from AR-G02. 82 

Fountoukis and Nenes (2005) (hereafter FN05) extended NS03 to allow lognormal aerosol 83 

distributions and include a size-dependent mass transfer coefficient for the growth of water 84 

droplet. Compared to numerical solutions, NS03 performed better than AR-G00 (Nenes and 85 

Seinfeld 2003) and FN05 performed better than NS03 (Fountoukis and Nenes 2005). Ghan et al. 86 

(2011) reported that FN05 is more consistent with numerical solutions than AR-G00 in 87 

predicting the number fraction of activated aerosols.  88 

Recently, several updates have been incorporated into FN05. Barahona and Nenes (2007) 89 

(BN07) accounts for the effect of convective entrainment in reducing the supersaturation of 90 

rising air. Kumar et al. (2009) (K09) includes an adsorptive activation mechanism for insoluble 91 

particles (e.g., dust and black carbon), similar to the Köhler activation for soluble particles, based 92 

on the multilayer Frenkel-Halsey-Hill (FHH) adsorption isotherm model with modification to 93 

account for particle curvature (Sorjamaa and Laaksonen, 2007). Compared with the most studied 94 

monolayer Langmuir adsorption isotherm model (Langmuir, 1916), the FHH model is more 95 
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applicable to atmospheric particle where multiple layers of water vapor could form. By using 96 

K09, an increase in the number faction of activated aerosols is expected, and the degree of 97 

increase depends on the fraction of insoluble particles. Lastly, Barahona et al. (2010) (B10) treats 98 

the kinematic limitations for giant CCN to consider the slow condensation and growing rates of 99 

very large particles. As large particles grow instantaneously, they could compete for water vapor 100 

and reduce the maximum supersaturation (Smax).  A recent update by Morales and Nenes (2014a) 101 

(MN14) further improves the capability of the framework to capture droplet number 102 

concentration and its sensitivity to aerosol input. 103 

In this work, the advanced FN05 parameterization along with several updates including 104 

BN07, K09, and B10 (hereafter the FN series parameterization) is incorporated into a regional 105 

coupled climate-chemistry model to enhance the model’s capability in representing aerosol 106 

indirect effects, examine the sensitivity of the model predictions of aerosol climatic effects to 107 

different aerosol activation treatments over East Asia, and identify areas of model improvement 108 

for future work.  109 

2. Description of the Model and Its Improvement  110 
 111 

2.1 A WRF/Chem based Regional Coupled Climate-Chemistry Model  112 

The 3-D regional model used in this work is the Weather Research and Forecasting 113 

model coupled with chemistry (WRF/Chem) (Grell et al., 2005) with the physics suite of 114 

Community Atmospheric Model version 5 for aerosol, cloud, deep and shallow convection, and 115 

turbulence described in Neale et al. (2010) and referred to as WRF-CAM5. CAM5 is the 116 

atmospheric component of the Community Earth System Model Version 1.0 (CESM1.0).  WRF-117 

CAM5 is developed as a testbed for physics parameterizations used in global models, and for 118 

investigation of atmospheric processes in a multi-scale framework (Ma et al., 2013).  119 
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The physical parameterizations from CAM5 that are coupled with WRF include the 120 

University of Washington (UW) planetary boundary layer (PBL) scheme (Bretherton and Park, 121 

2009), the Morrison and Gettelman (2008) (MG08) cloud microphysics for stratiform (model-122 

resolved) clouds, the Zhang-MacFarlane (ZM95) convective scheme (Zhang and MacFarlane, 123 

1995) for sub-grid convective clouds, and the modal aerosol module with three lognormal modes 124 

(i.e., Aitken, accumulation, and coarse modes) (MAM3) (Liu et al., 2012).  MAM3 is coupled 125 

with the gas-phase chemical mechanism of the Carbon-Bond mechanism version Z (CBMZ) 126 

(Zaveri and Peters, 1999) and the aqueous-phase chemistry of Barth et al. (2000).  In MAM3, 127 

different species are simulated in the three aerosol modes assuming internally mixed in each 128 

mode: Aitken mode includes sulfate, secondary organic aerosols (SOA) and sea-salt; 129 

accumulation mode includes sulfate, SOA, primary organic matters (POM), black carbon (BC), 130 

soil dust, and sea-salt; coarse mode includes soil dust, sea-salt and sulfate. Ammonium is not 131 

explicitly simulated but assumed to exist as ammonium bisulfate NH4HSO4. Nitrate is not 132 

simulated due to computational expense. As reported by Liu et al. (2012), CAM5 with MAM3 133 

performs reasonably well in capturing observed spatial and temporal variations of mass 134 

concentrations of aerosol species, aerosol number and size distributions, aerosol optical depth 135 

(AOD), single scattering albedo (SSA), and CCN number concentrations.  136 

The latest version of WRF-CAM5 used in this work includes an improved cumulus cloud 137 

parameterization that explicitly links aerosols and deep convection based on the convective 138 

microphysical scheme of Song and Zhang (2011), in which a double moment cloud microphysics 139 

module is coupled with the Zhang and McFarlane (1995) cumulus parameterization (hereafter 140 

ZM95-SZ11) (Lim et al., 2014a). In addition, several recently developed heterogeneous ice-141 

nucleation parameterizations that connect ice nucleation with aerosol properties for mixed-phase 142 
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clouds have been implemented in the model (Lim, K.-S., J.-W. Fan, L. R. Leung, P.-L. Ma, C. 143 

Zhao, K. Zhang, V. Phillips, Y. Zhang, X.-H. Liu, and Q. Yang, Impacts of Uncertainty in Ice 144 

Nucleation Parameterizations and Dust Emissions on Modeling Deep Convective Clouds and 145 

Precipitation, in preparation, 2015). Therefore this version of WRF-CAM5 provides a more 146 

complete representation of aerosol-cloud interactions for both large-scale clouds and deep 147 

convective clouds than most regional climate models.  In this work, to further improve the 148 

model’s capability of simulating aerosol indirect effects, the FN series parameterization is 149 

incorporated into WRF-CAM5 as an alternative to the default aerosol activation parameterization 150 

based on AR-G00.  As a newly developed model, WRF-CAM5 with the original AR-G00 and 151 

the new FN series aerosol activation parameterizations is applied to East Asia and evaluated 152 

using available observational datasets in this study.  153 

2.2 Incorporation of the FN Series Aerosol Activation Parameterizations into WRF-CAM5 154 

 The FN series parameterization is incorporated into WRF-CAM5 as an alternative to the 155 

default AR-G00 parameterization with the same set of inputs at the beginning of the cloud 156 

microphysics calculation. Within the FN series, B10, BN07, and K09 are added as options so 157 

that FN05 can be used with individual or a combination of updates.  The effect of convective 158 

entrainment (BN07) is only applied to convective cloud aerosol activation based on the 159 

evaluation and suggestion from Morales et al. (2011) that BN07 could improve CDNC 160 

predictions in cumulus but not stratocumulus. In convective clouds, secondary droplet nucleation 161 

could occur even with the presence of cloud liquid water because of the strong updraft (Pinsky 162 

and Khain, 2002; Segal et al., 2003; Heymsfield et al., 2009). In such cases, Smax can be 163 

approximately diagnosed and then use for secondary droplet nucleation calculation (Korolev, 164 

1995; Morrison et al., 2005; Ming et al., 2007).   165 
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 Figure 1 summarizes the incorporation of the FN series in parallel with the existing AR-166 

G00 parameterization in a flow chart. FN05 and AR-G00 use the same inputs, including updraft 167 

velocity, temperature, and density of air parcel; total number concentration, total volume, 168 

geometric standard deviation and volume mean hygrosopicity of each aerosol mode; and 169 

physical constants needed for calculating thermal dynamic parameters. The outputs from aerosol 170 

activation process include the activated number and mass fractions. BN07, K09, and B10 are 171 

added on the structure of FN05. BN07 accounts for the effect from entrainment with an updated 172 

updraft velocity. K09 and B10 added two specific groups of particles that could compete for 173 

water vapor condensation and contribute to the depletion of supersaturation.  The first group 174 

includes insoluble particles that follow the FHH adsorptive activation theory rather than the 175 

Köhler equilibrium curve for activation to CCN.  The second group includes giant CCN that 176 

have not experienced significant growth compared to cloud base at Smax in a cloud updraft. The 177 

low growth rate of giant CCN violates the assumption that droplet size at cloud base is negligible 178 

compared to that at Smax. Thus the original FN05 parameterization without the B10 update tends 179 

to underestimate surface area and water vapor condensation rate, leading to an overestimation of 180 

Smax and activation fraction. The box model code of FN05 with K09 assumes externally-mixed 181 

insoluble particles, which is different from the treatment of MAM3. To harmonize the two 182 

treatments, we separate the insoluble particle group according to their mass fractions in each 183 

aerosol mode. As a result, aerosol activation could be double-counted for the insoluble part. A 184 

number and mass conservation check is thus performed at the end of the parameterization to 185 

limit the activation fraction to within the range of 0-1. When the total available number 186 

concentration is extremely low (< 1 × 10-39) or the activated number or mass concentration is less 187 

than 0, the activation fractions for number and mass are set to be 0. When the activated number 188 
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or mass concentration is greater than the total available number or mass concentration, 189 

respectively, the activation factions for number and mass are set to be 1.  The mass fractions of 190 

insoluble species (BC and dust) are not in the default input for AR-G00 but are required by the 191 

adsorptive activation, so they are added as input variables in the revised module. The internal 192 

structure of the FN series parameterization from the original box model is mostly retained in its 193 

implementation in WRF-CAM5. Modifications that are made include (1) adding flags to control 194 

the use of BN07, B10, and K09; (2) reading in volume-mean hygrosopicity directly, rather than 195 

calculating it inside the activation subroutine; and (3) adding secondary droplet nucleation for 196 

cases with in-cloud strong updraft (which is a branch that has been treated in the default ZM95-197 

SZ11 convective cloud microphysics with AR-G00). Other changes are mainly made in the 198 

driver interface. 199 

In the code, FN05 and AR-G00 both calculate additional variables and parameters 200 

including air pressure and density, modal mean radius, air thermal conductivity, water vapor 201 

diffusivity, saturation water vapor pressure, and surface tension based on the model inputs. There 202 

are several differences in the calculation of Smax, water vapor diffusivity, and Kelvin effect in 203 

these two parameterizations. First, FN05 splits aerosols into two populations, one group with 204 

diameters activated near Smax and the other group with diameters not activated near Smax. Smax is 205 

then calculated explicitly through limited numerical iterations. Abdul-Razzak et al. (1998, 2000, 206 

and 2002) parameterized the dependence of Smax on surface tension from a large number of 207 

numerical solutions and determined Smax using the derived empirical relationship. The numerical 208 

solution of Smax by FN05 is more accurate than the one estimated based on an empirical 209 

relationship by AR-G00. Second, FN05 treats the kinetic limitations that may occur for particles 210 

having critical supersaturation close to Smax. Such particles may eventually evaporate and 211 
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deactivate because they cannot grow beyond the critical size within a short time when the air 212 

parcel reaches Smax. By contrast, AR-G00 neglects gas kinetic effects. Third, the condensation 213 

coefficient of water vapor is 1.0 for AR-G00 and 0.06 for FN05. Fourth, FN05 includes the size-214 

dependent mass transfer coefficient for the growth of water droplet, which is not considered in 215 

AR-G00. Fifth, for the calculation of the Kelvin/curvature effect, AR-G00 assumes a constant 216 

temperature of 273K, and constant surface tension of 0.076 J m-2, whereas F05 accounts for the 217 

temperature dependence of Kelvin effect and surface tension.  As a consequence of adding such 218 

complexity, FN05 requires 20% more computational time than AR-G00 (Ghan et al., 2011).   219 

As described in Table S1 and Section 1 in the supplementary material, the 3-hr long 220 

WRF-CAM5 simulations using AR-G00 and FN05 in this work show that FN05 gives ~50% 221 

higher CCN than AR-G00, with ~20% due to the different water vapor condensation coefficients 222 

used, ~20% due to the different methods used in solving Smax, and another ~10% due to the 223 

calculation of Kelvin effects. Such differences may become larger in 3-D models due to 224 

accumulated differences and feedback of activated aerosols on clouds, which in turn affects 225 

aerosol formation and activation simulated in the next time step.  Morales and Nenes (2014b) 226 

demonstrated that the discrepancy owing to the methodology of calculating Smax tends to be 227 

largest in (i) marine areas – where the presence of large CCN has a disproportionately strong 228 

impact on Smax, and (ii) polluted regions (e.g., S.E. China), where the accumulation mode aerosol 229 

strongly competes for water vapor in a way that is not captured as well by the AR-G00 230 

parameterization. The AR-G00 and FN series activation parameterizations are further evaluated 231 

in the 3-D WRF-CAM5 over East Asia to examine the sensitivity of the simulated climatic 232 

impacts of aerosols to those parameterizations. 233 

3. Model Setup and Evaluation Protocols 234 
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3.1 Model Testbed, Configurations, and Simulation Design 235 

As shown in Figure 2, we test WRF-CAM5 in an East Asian domain.  China has 236 

experienced a rapid growth of economy and associated increases in emission levels in the past 237 

three decades, emerging to be one of the largest contributors in the world to greenhouse gases 238 

such as CO2, gas precursors for O3 and aerosols such as NOx, SO2, NH3, volatile organic 239 

compounds (VOCs), and aerosol species such as primary OC. Meanwhile the contrasting winter 240 

and summer monsoon in East Asia provides an ideal testbed to examine the model’s ability in 241 

representing aerosol-cloud interactions under different meteorological and chemical conditions.  242 

Baseline and sensitivity simulations using AR-G00 and the FN series parameterizations are 243 

performed for two full years (2005 and 2010) over East Asia. According to Wang et al. (2010a), 244 

2005 and 2010 are the last years of the 10th and 11th Five Year Plan, respectively. The expected 245 

changes in emissions due to emission control policies under these plans permit an assessment of 246 

the effectiveness of the emission control on air quality and its climatic impacts. Precipitation 247 

measurements from the National Climatic Data Center (NCDC) showed that 2005 and 2010 have 248 

higher summer precipitation than other years during that decade.  Additional sensitivity 249 

simulations using various options in the FN series parameterizations including the base FN05, 250 

FN05 coupled with each of the three updates (i.e., BN07, K09, and B10) are performed to 251 

estimate their impacts on aerosol activation and cloud formation. Table 1 summarizes the 252 

baseline and sensitivity simulations performed using WRF-CAM5.  Table 2 summarizes the 253 

model configurations used.  254 

All simulations are performed at a horizontal grid resolution of 36-km (with 164 grid 255 

cells in the X direction and 97 grid cells in the Y direction) and a vertical resolution of 23 layers 256 

from 1000 to 100 hPa, with 8 layers in the PBL. A time step of 90 seconds is used for advection 257 
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and atmospheric dynamics in all simulations for 2005 and 2010.The National Center for 258 

Environmental Predictions Final Analysis (NCEP-FNL) is used to create the meteorological 259 

initial and boundary conditions, respectively. The chemical initial conditions are based on the 260 

Community Multiscale Air Quality (CMAQ) modeling system (Binkowski and Roselle, 2003; 261 

Byun and Schere, 2006), and the chemical boundary conditions are derived from the results of 262 

the Goddard Earth Observing System Atmospheric Chemistry Transport Model (GEOS-Chem).  263 

The model is re-initialized every 5 days to provide reasonable meteorological fields while 264 

allowing chemistry-meteorology feedbacks within the system. The cloud parameters are not 265 

reinitialized and also not included in the boundary conditions; they are calculated based on 266 

results from the previous time step in a restart run.  A 2-week spinup period is used for the first 267 

5-day simulation for both years to ensure the model reaches a chemical equilibrium status. 268 

Subsequent 5-day simulations are initialized using outputs from the previous 5-day simulation. 269 

Anthropogenic emissions over mainland China are based on Wang et al. (2010a) for 2005 and 270 

the Multi-resolution Emission Inventory for China (MEIC) emissions for 2010 but with 271 

adjustments for the magnitudes and vertical distributions of emitted species based on the 272 

uncertainty factors in those emissions and model evaluation of an initial application using the 273 

original emissions.  The anthropogenic emissions outside of mainland China are based on Wang 274 

et al. (2010a) for both years. The uncertainties of the MEIC emission inventory are estimated to 275 

be ±12% for SO2, ±31%  for NOx, ±68% for non-methane VOCs, ±70%  for CO, ±130% for 276 

PM2.5, and ±132%  for particulate matters with diameter less than or equal to 10 μm (PM10) for 277 

China (Qiang Zhang, personal communication, Tsinghua University, 2014).  The emissions of 278 

Wang et al. (2010a) for 2005 are very similar to those based the INTEX-B emission inventory of 279 

Zhang et al. (2009); both are subject to larger uncertainties than MEIC. Evaluation of the initial 280 
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application showed that the concentrations or column mass abundances of all major species are 281 

underpredicted except for O3, which was attributed to moderate underestimates of the major 282 

emissions. A set of emission adjustment factors are derived based on several sensitivity 283 

simulations as described in Zhang, Y., X. Zhang, K. Wang, Q. Zhang, F.-K. Duan, and K.-B. He, 284 

Application of WRF/Chem over East Asia: Part II.  Model Improvement and Sensitivity 285 

Simulations, submitted to Atmospheric Environment, 2015.For example, adjustment factors of 286 

1.3 and 1.35 are applied to the total surface emissions of SO2 and NH3, respectively, in all 287 

months; adjustment factors of 1.5 and 1.3 are applied to the total elevated emissions of CO and 288 

NOx in spring and summer and those of NOx in winter and fall, respectively; adjustment factors 289 

of 3 and 2 are used for surface emissions of primary OM and other primary PM species, 290 

respectively, in spring and summer, and adjustment factors of 1.3-2 are applied to total surface 291 

emissions of primary PM emissions in winter and fall. In addition, the total emissions of NO2 292 

and SO2 are redistributed vertically to allocate more emissions to the surface layer. Table S2 293 

shows total emissions of major chemical species before and after adjustments.  As shown in 294 

Zhang et al. (2015), the adjustment of both the magnitudes and vertical distributions of 295 

anthropogenic emissions shows moderate to large improvement in simulated surface 296 

concentrations and column mass abundances of species in terms of domainwide mean 297 

performance statistics, hourly and monthly mean concentrations, and vertical profiles of 298 

concentrations at individual sites.  The original VOCs speciation for both years is based on the 299 

2005 Carbon Bond Mechanism (CB05) and is re-mapped into the CBM-Z speciation used in this 300 

work. Biogenic, dust, and sea-salt emissions are generated using the online modules of WRF-301 

CAM5.  302 
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The model of Emissions of Gases and Aerosols from Nature (MEGAN) version 2 303 

(Guenther et al., 2006) is used for online biogenic emissions. The dust emission module of 304 

Zender et al. (2003) with modifications from Wang et al. (2012) is used for online dust 305 

emissions. Gong et al. (2002) is used for online sea-salt emissions. The online emissions of dust 306 

and sea-salt particles depend strongly on the simulated wind fields. The initial application also 307 

showed a significant overprediction of wind speed at 10-m for all months, which was attributed 308 

to the poor representation of surface roughness in WRF. The simplified surface drag 309 

parameterization of Mass and Ovens (2010) is thus implemented in WRF-CAM5 to reduce the 310 

large bias in WS10.   311 

The original O3 boundary conditions of Wang et al. (2010a) were based on the averaged 312 

values extracted from the simulation results of the Goddard Earth Observing System 313 

Atmospheric Chemistry Transport Model (GEOS-Chem) model and vertically interpolated with 314 

respect to the pressure levels. These boundary conditions have a relatively low mixing ratio for 315 

the upper layers, resulting in an underestimation of tropospheric ozone column abundance, 316 

especially during summer. In this work, O3 vertical profiles are obtained from the Ozone 317 

Monitoring Instrument (OMI) level 2 data, with an averaging of vertical profiles along the 318 

boundary of the modeling domain. Such satellite-based vertical profiles account for the 319 

contribution of stratospheric O3 intrusion to tropospheric O3 in the upper layers and provide more 320 

accurate boundary conditions for O3 than that derived from GEOS-Chem.  321 

3.2 Observational Datasets and Evaluation Protocols 322 

 A comprehensive evaluation using data from multiple ground-based observational 323 

networks and satellites is conducted. Table 3a summarizes the ground-based observational 324 

datasets used. Figure 2 shows the spatial location of the observational sites. The NCDC global 325 
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hourly dataset is used to evaluate the surface meteorological variables, including the 2-meter 326 

temperature (T2) and water vapor mixing ratio (Q2), surface pressure (P), wind speed at 10 m 327 

(WS10), and daily precipitation. Several observational datasets are collected for the evaluation of 328 

surface chemical variables. PM10 and SO2 concentrations are derived for 84 major cities based on 329 

the Air Pollution Index (API) published by the Chinese Ministry of Environmental Protection. 330 

Concentrations of major pollutants including PM10, CO, NO, NO2, SO2, and O3 at eleven general 331 

sites and three roadside sites in Hong Kong are obtained through the website of Hong Kong 332 

Environmental Protection Department.  The three roadsides are not used since road features 333 

cannot be resolved at a coarse resolution of 36-km by the model. All of the fourteen sites are 334 

located in the same 36-km model grid in this study so the average of the eleven general sites is 335 

used for the evaluation. Similar concentration data in Taiwan including PM10, PM2.5, CO, NO, 336 

NO2, SO2, and O3 are obtained through the website of the Environmental Protection 337 

Administration from Taiwan. In addition, a large number of observational sites with monthly 338 

mean concentrations of suspended particulate matter (SPM), approximated as PM10, Ox 339 

(photochemical oxidants, as a proxy for O3), CO, NO, NO2, and SO2 are obtained from the 340 

website of the Japanese National Institute for Environmental Studies (NIES).  The monthly mean 341 

concentrations of PM10, CO, NO2, O3, and SO2 over South Korea at several hundred sites are 342 

obtained from Air Korea (http://www.airkorea.or.kr/).  AOD data from AERONET are also used 343 

for evaluation of simulated AOD at monitoring sites within the simulation domain. 344 

Table 3b summarizes the satellite data used in the model evaluation. The chemical 345 

column data include CO column from the Measurements Of Pollution In The Troposphere 346 

(MOPITT)/Terra, the column abundance of NO2, SO2, and HCHO from the SCanning Imaging 347 

Absorption SpectroMeter for Atmospheric CHartographY/Environmental Satellite 348 
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(SCIAMACHY/Envisat), tropospheric ozone column (TOC) from the Ozone Monitoring 349 

Instrument (OMI)/Aura.  The aerosol and cloud data include aerosol optical depth (AOD), cloud 350 

optical thickness (COT), and liquid cloud water path (CWP) from the Moderate Resolution 351 

Imaging Spectroradiometer (MODIS)/Terra, cloud droplet number concentrations (CDNC) 352 

derived by Bennartz (2007) from MODIS, and downward shortwave and longwave radiation at 353 

surface (SWD and LWD) from the Clouds and Earth's Radiant Energy System (CERES).   Low 354 

air mass factors that represent passive degassing of volcanoes and anthropogenic activities are 355 

used to retrieve SO2 vertical column from slant column. Also, only model outputs that are close 356 

to the satellite local overpassing time (within 2 hours) are averaged for comparison.  357 

Model evaluation is performed following Zhang et al. (2006, 2012). The evaluation 358 

protocol includes spatial distribution, column abundances, and overall statistical trends. Spatial 359 

distributions of model predictions for column abundances of CO, NO2, SO2, tropospheric O3, 360 

HCHO, AOD, SWD, LWD, COT, CWP, and CDNC are compared with satellite data.  For 361 

surface observations from Hong Kong, Taiwan, Japan, and South Korea, a grid mean observed 362 

value is calculated when more than one observational sites are located in the same model grid. 363 

Performance statistics are calculated separately for different networks based on seasonal-mean 364 

and annual-mean, due to the inherent differences in the observation method, data collection, and 365 

processing method across different networks, as well as differences in data frequency and 366 

collection period. The statistics used in the analysis of this work include mean bias (MB), 367 

normalized mean bias (NMB), normalized mean gross error (NME), and correlation coefficient 368 

(R).  Observations and model outputs within the lateral boundaries defined by the five grid cells 369 

on each side of the domain are excluded in calculating the performance statistics.   370 

4. Model Evaluation 371 

4.1 Chemical Predictions  372 
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Table 4 summarizes the annual mean performance statistics for surface and column 373 

chemical predictions from the 2005 and 2010 simulations with the AR-G00 and FN series 374 

parameterizations. The results from the 2005 and 2010 AR-G00 simulations are discussed in this 375 

Section and those with the FN series parameterization are discussed in Section 5.  Figure 3 376 

shows the annual mean NMBs of surface mixing ratio or concentration predictions at the five 377 

surface networks.  Figures S1-S3 show the scatter plots of observed and simulated concentrations 378 

of surface O3, PM2.5, and PM10, respectively, at various observational sites from the five surface 379 

networks. Figure 4 compares the spatial distributions of satellite observations with simulations 380 

for column mass abundances of CO, NO2, SO2, HCHO, and tropospheric column O3. Only 381 

results from the 2005 and 2010 simulations with the AR-G00 parameterization are shown in 382 

Figures 3-4 and S1-S3, because the simulations with the FN series parameterization give very 383 

similar results. Surface CO mixing ratios are moderately-to-significantly underpredicted against 384 

all surface observations from Hong Kong, Taiwan, Japan, and South Korea, with annual mean 385 

NMBs of -58.5% to -47.6% for 2005, and -51.7% to -38.1% for 2010.  The simulated column 386 

CO mass abundance agrees very well with observations in terms of both magnitudes and spatial 387 

distributions with annual mean NMBs within 6% and Corr value of 0.9 for both years.  Errors in 388 

the MOPITT column CO mass abundances are within 10% (Emmons et al., 2009), indicating a 389 

relatively high accuracy in satellite CO retrievals compared with other retrievals. The seasonal 390 

mean NMBs of column CO mass abundances range from -7.8% to 26.2% for 2005 and from -391 

14.2% to 13.5% for 2010 (Tables not shown).  The underprediction occurs in MAM and the 392 

maximum overprediction occurs in JJA for both years, due likely to underestimates in MAM and 393 

overestimates in JJA in the CO emissions of biomass burning in Southeast Asia reported by 394 

several studies (e.g., Lin et al., 2013; Pechony et al., 2013; Sahu and Sheel, 2014) .  The 395 
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underpredictions in surface CO mixing ratios may be attributed to possible underestimations in 396 

total or surface emissions of CO and inaccurate vertical profiles as reported by Zhang et al. 397 

(2015), overpredictions in WS10 (see Table 5) and the PBL height (PBLH) (though no 398 

observational data are available to verify this), or inaccurate vertical transport of CO.   399 

SO2 mixing ratios are also underpredicted against surface observations from mainland 400 

China, Hong Kong, Taiwan, and Japan for 2005, with annual NMBs of -60.2% to -14.3%.  401 

However, the overpredictions of SO2 mixing ratios occur at all sites except for mainland China 402 

and Japan in 2010 with annual NMBs of 11.5-304.9% due to possible overestimations in the 403 

surface SO2 emissions and uncertainties in the spatial allocation of the emissions in the southern 404 

domain and over South Korea.  While the emissions of Wang et al. (2010a) used for the 2005 405 

simulation and MEIC used for 2010 emissions are similar in magnitudes and spatial distributions 406 

for most species, large differences exist in the spatial distributions of SO2 emissions between the 407 

two emission inventories, particularly, in southern China, which leads to different SO2 408 

predictions and performance statistics against observations in Hong Kong in 2005 and 2010.  409 

The column mass abundance of SO2 is overpredicted with a domainwide annual mean NMB of 410 

50.1% for 2005 but underpredicted with an NMB of -15.8% for 2010, although large 411 

overpredictions occur in eastern China for both years (Figure 4). The underpredictions in surface 412 

mixing ratios but overpredictions in column mass abundance in 2005 and the reserved trends in 413 

2010 indicate some uncertainties in total SO2 emissions and their vertical distributions. Several 414 

volcanic eruptions occurred in Japan in 2005 and 2010 based on the Smithsonian Institution’s 415 

Global Volcanism Program database (Siebert and Simkin, 2002). Although the satellite derived 416 

SO2 includes volcanic emissions which are not included in the model simulations, the model 417 

actually gives higher column mass SO2 than the retrievals.  On the other hand, there may be 418 



 

18 
 

some problems in the satellite retrievals for SO2 due to the relatively poor data quality of 419 

satellite-derived SO2 with a large fraction of missing values and possible inaccuracies in the 420 

retrieval algorithms.  For example, Lee et al. (2009) reported an overall error in the SO2 421 

retrievals of 45–80% for annual averages over polluted regions, with the largest errors occurring 422 

over eastern China. Such errors are attributed to uncertainties in spectral fitting, removal of the 423 

slant column bias, and the air mass factor algorithm to convert slant columns to vertical columns. 424 

The uncertainties in the satellite retrievals of SO2 may affect the model evaluation. 425 

Significant underpredictions of surface mixing ratios of NOx occur at all sites in the 426 

surface networks with NMBs of -99.1% to -79.8% and -91.4% to -68.7% for NO and NMBs of -427 

89.0% to -41.7% and -51.9% to -30.3% for NO2 in 2005 and 2010, respectively.  The column 428 

mass abundance of NO2 is well simulated in terms of both magnitude and spatial distribution 429 

with NMBs of -1.8% and 14.8% and Corr values of 0.8 and 0.9 in 2005 and 2010, respectively.  430 

The NMBs of column NO2 are much smaller than the uncertainties of 35%-60% in the NO2 431 

retrievals reported by Boersma et al. (2004), with the largest errors occurring over highly-432 

polluted areas. The NMBs for surface NO2 mixing ratio and column abundances of NO2 in this 433 

work are similar to those described in Zhang et al. (2015) (Zhang, Y., X. Zhang, K. Wang, Q. 434 

Zhang, F.-K. Duan, and K.-B. He, 2015, Application of WRF/Chem over East Asia: Part II.  435 

Model Improvement and Sensitivity Simulations, submitted to Atmospheric Environment) with 436 

adjusted NOx emissions. However, large biases remain. Those statistics indicate possible 437 

uncertainties in the vertical allocation of NO2 emissions that may contribute to the 438 

underprediction of the surface NO2 mixing ratio and a need to further improve the vertical profile 439 

of NO2 emissions. In addition, other possible reasons for such underpredictions may include 440 

inaccurate predictions of some meteorological variables such as overpredictions of WS10 and 441 
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precipitation (see Table 5) (which can lead to overprediction of the wet deposition of NO2), 442 

possible overpredictions of PBLH, and dry deposition fluxes.  The large underpredictions in NOx 443 

lead to moderate-to-large overpredictions of O3 with NMBs of 11.6-120.6% for 2005 and NMBs 444 

of 5.7-28.7% for 2010, due to insufficient titration of O3 by NOx. As shown in Figure S1, most 445 

surface O3 concentrations are within a factor of 2 of the observations at monitoring sites in 446 

Taiwan, South Korea, and Japan, but the simulated surface O3 concentrations tend to deviate 447 

significantly from the observed values at sites in Hong Kong. Outliers also exist for observed 448 

low O3 concentrations ranges at some sites in Hong Kong in 2005 and in South Korea in 2010, 449 

for which the simulated O3 concentrations are much lower than observed values. TOC is well 450 

predicted with an NMB of 12.2% and Corr of 1.0 for 2005 and an NMB of 11.7% and Corr of 451 

0.9 for 2010. The simulated MBs are within the errors of ±4-5 DUs in the OMI TOC reported by 452 

Ziemke et al. (2006), indicating that the moderate overpredictions in TOC may be caused by 453 

uncertainties in both the model treatments and the satellite retrievals.  The HCHO column is 454 

moderately overpredicted for 2005 with an NMB of 27.9% but better simulated for 2010 with an 455 

NMB of 5.2%.  Although the model predicts high column HCHO over Myanmar and Bhutan that 456 

are not found in satellite observations, the spatial correlation is overall high with Corr values of 457 

0.9 and 0.8 for 2005 and 2010, respectively. Such overpredictions can be attributed to 458 

uncertainties in HCHO emissions, biogenic emissions that can produce secondary HCHO, and 459 

satellite retrievals.  De Smedt et al. (2008) reported errors in HCHO retrievals of (0.5-2.0)× 1015 460 

molecules cm-2, which are on the same order of magnitudes or even larger than the MBs in the 461 

simulated HCHO column for both years. 462 

PM2.5 concentrations at the Hong Kong sites are moderately underpredicted in 2005 with 463 

an NMB of -21.5% but largely overpredicted in 2010 with an NMB of 54.4%.  Those at the 464 
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Taiwan sites are largely underpredicted in both years with NMBs of -65.2% and -54.9%.  As 465 

shown in Figure S2, the simulated PM2.5 concentrations at most sites in Hong Kong and Taiwan 466 

are beyond a factor of 2 of the observations. PM10 concentrations are also underpredicted against 467 

data in all surface networks including mainland China, Hong Kong, Taiwan, and Japan in 2005 468 

and in Taiwan, Japan, and South Korea in 2010, with annual mean NMBs of -74.1% to -0.5% in 469 

2005, and -67.6%, to 2.2% in 2010. As shown in Figure S3, many sites are beyond a factor of 2 470 

of the observations from all surface networks, with most outliers occurring in the range of 471 

moderate to high concentration ranges of the observed PM10.   The underpredictions in PM2.5 and 472 

PM10 can be attributed to possible underestimations in primary PM emissions and the precursor 473 

emissions of secondary aerosols, uncertainties in the dust emission module, simple treatment of 474 

aerosols in MAM3 in WRF-CAM5 (e.g., it does not simulate nitrate and uses a highly simplified 475 

SOA), overpredictions of precipitation, WS10, (see Table 5) and vertical mixing. The 476 

overpredictions of PM2.5 concentrations at the Hong Kong sites in 2010 correspond to 477 

overpredictions in SO2 concentrations, indicating possible overestimation of the precursor 478 

emissions of secondary aerosols such as SO2 in MEIC, in addition to primary PM emissions.   479 

4.2 Meteorological, Radiative, and Cloud Predictions 480 

Table 5 summarizes the annual mean performance statistics for meteorological, radiative, 481 

and cloud predictions for the 2005 and 2010 simulations with the AR-G00 and FN series 482 

parameterizations. Figures 5 and 6 show the annual and seasonal mean NMBs of major 483 

meteorological, aerosol and cloud, and radiation variables for the four simulations. Figure 7 484 

compares the spatial distributions of the Global Precipitation Climatology Project (GPCP) and 485 

simulated precipitation for the four simulations, and the differences between simulations with the 486 

AR-G00 and FN series parameterizations for both years. Figures 8 and 9 compare the spatial 487 
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distributions of satellite observations with simulations for AOD, CDNC, COT, CWP, ice water 488 

path (IWP), cloud fraction (CF), SWD, and shortwave cloud forcing (SWCF). The absolute 489 

differences between satellite observations and each of the two simulations in 2005 and 2010 are 490 

shown in Figure S4. This section focuses on the baseline simulations with AR-G00.  The 491 

performance of the sensitivity simulations with the FN series parameterization along with its 492 

comparison with results from the baseline simulation are discussed in Section 5.   493 

 The WRF-CAM5 simulations with AR-G00 show overall good performance for the 494 

meteorological variables including T2, Q2, WS10, and precipitation against the observations 495 

from NCDC for both 2005 and 2010.  T2 is simulated reasonably well with annual mean MBs of 496 

-1.1 and -1.0 oC and NMBs of -8.1% and -6.8% for 2005 and 2010, respectively. Corr is ~1.0 for 497 

both years.  Seasonal mean MBs range from -1.4 to -0.7 oC in 2005 with the largest MB in spring 498 

(March, April, and May (MAM)) and from -1.4 to -0.5 oC in 2010 with the largest MB in 499 

summer (June, July, and August (JJA)) and the smallest MBs occur in winter (December, 500 

January, and February (DJF)) for both years.  Q2 is well simulated with annul mean MBs of 0.1 501 

and 0.1 g g-1, NMBs of 1.1% and 1.2% for 2005 and 2010, respectively, and Corr of ~1.0 for 502 

both years. Seasonal mean MBs and NMBs for Q2 are similar with little seasonality for both 503 

years. WS10 is slightly overpredicted with annul mean MBs of 0.3 and 0.4 m s-1, NMBs of 9.7% 504 

and 11.6% for 2005 and 2010, respectively, and a Corr value of 0.5 for both years. The WS10 505 

performance is the best for JJA and the worst in DJF.  The relatively small domainwide MBs and 506 

NMBs in WS10 may result from compensation of overpredictions (e.g., northern and 507 

northeastern China, Japan, and south/north Korea) and underpredictions (e.g., southern China). 508 

The relatively low R value is caused by poor spatial and temporal correlations between simulated 509 

and observed WS10.  The performance of WS10 is much better than the performance from 510 
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previous applications of MM5 (Zhang et al., 2011), WRF (K. Wang et al., 2014; L.-T. Wang et 511 

al., 2014), and WRF/Chem over East Asia (e.g., X.-Y. Liu et al., 2015; C.-J. Cai, X. Zhang, K. 512 

Wang, Y. Zhang, L.-T. Wang, Q. Zhang, F.-K. Duan, and K.-B. He, Incorporation of New 513 

Particle Formation and Early Growth treatments into WRF/Chem and its Application over East 514 

Asia: Model Improvement, Evaluation, and the Nucleation-Aerosol-Cloud-Meteorology 515 

Interactions, submitted to Atmos. Environ., 2015) and North America (e.g., Zhang et al., 2010, 516 

2012), due possibly to the use of the Bretherton and Park (2009) scheme, which can better 517 

represent surface roughness and topographical features than the YSU scheme used in previous 518 

WRF/Chem applications. For example, Cai et al. (2015) reported MBs and NMBs for WS10 of 519 

2.6 m s-1 and 82.3% for WRF/Chem simulation in 2001 over East Asia, X.-Y. Liu et al. (2015) 520 

reported MBs and NMBs for WS10 of 1.1- 2.3 m s-1 and 39.6-74.8% for WRF/Chem-MADRID 521 

simulation in 2008 over East Asia.  The WS10 performance for WRF-CAM5 even outperforms 522 

that of WRF/Chem application over North America using a simple surface drag correction of 523 

Mass and Owens (2010), which gave an annual mean MB of ~0.7 m s-1 and NMB of ~28% for 524 

both 2006 and 2010 (Yahya et al., 2014).   525 

Precipitation is moderately well simulated with annual mean MBs of 0.5 and 0.3 mm day-526 

1 and NMBs of 17.7% and 11.1%, and Corr values of 0.6 and 0.7 for 2005 and 2010, 527 

respectively, against observations from NCDC. For comparison with precipitation from GPCP, 528 

the model gives annual mean NMB of 11.5% and MB of 0.3 mm day-1 for 2005 and NMB of 529 

19.0% and MB of 0.5 mm day-1 for 2005 and 2010, respectively, and Corr values of 0.7 for both 530 

years As shown in Figure 6, seasonal-mean NMBs for precipitation vary from -9.1% in MAM to 531 

47.3% in DJF in 2005 and from 5.9% in JJA to 59.4% in  DJF 2010, with a strong inter-seasonal 532 

variation.  The model also shows overall good correlation with the GPCP precipitation in terms 533 
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of spatial distributions (Figure 7). The most significant overpredictions in precipitation occur 534 

over ocean, in particular, along the southern and eastern boundaries where CCN concentrations 535 

are underpredicted (see Table 5). The moderate overpredictions in precipitation may be caused in 536 

part by a lack of model treatments of subgrid cloud feedbacks in radiation for the SZ11 cumulus 537 

parameterization (which is similar to the overpredictions in precipitation using the Kain-Fritsch 538 

convection parameterization scheme in WRF simulations reported in Alapaty et al. (2012)). The 539 

WRF-CAM5 performance of precipitation is also better than that of the past WRF/Chem 540 

applications over East Asia or North America. For example, NMBs of -44.5 to -37.4% was 541 

reported for precipitation for 2001 over East Asia (C.-J. Cai, X. Zhang, K. Wang, Y. Zhang, L.-542 

T. Wang, Q. Zhang, F.-K. Duan, and K.-B. He, Incorporation of New Particle Formation and 543 

Early Growth treatments into WRF/Chem and its Application over East Asia: Model 544 

Improvement, Evaluation, and the Nucleation-Aerosol-Cloud-Meteorology Interactions, 545 

submitted to Atmos. Environ., 2015); NMBs of 53.0-55.6% for precipitation for 2001 over East 546 

Asia was reported by Zhang et al. (2012).  Both studies used the Lin cloud microphysics (Lin et 547 

al., 1983; Chen and Sun, 2002) and the Grell-Devenyi ensemble cumulus parameterization (Grell 548 

and Devenyi, 2002).  For comparison, this study uses more advanced parameterizations for 549 

resolved and convective clouds, i.e., the MG08 cloud microphysics and the ZM05-SZ11 cumulus 550 

parameterization.  In particular, ZM05-SZ11 accounts for the effects of aerosol on cumulus 551 

cloud formation, which significantly improves the precipitation simulation despite uncertainties 552 

remain in the cloud-radiation feedback treatments.  Such an improvement is consistent with Lim 553 

et al. (2014), who reported a substantial improvement in reproducing the Asian summer 554 

monsoon by WRF-CAM5 in terms of both the performance statistics and the spatial distributions 555 
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of precipitation during the monsoon when cloud microphysics and aerosol-cloud interactions are 556 

included in the cumulus parameterization.   557 

AOD is moderately underpredicted with annual mean NMBs of -37.8% and -34.5% 558 

against MODIS and NMBs of -50.1% and -41.6% against AERONET for 2005 and 2010, 559 

respectively.  As shown in Figure 6, the seasonal mean NMBs range from -55.1% to -31.4% in 560 

2005 with the least underpredictions in JJA and from -39.9% to -29.4% in 2010 with the least 561 

underpredictions in MAM.  The underpredictions in AOD are due in part to the underpredictions 562 

in PM10 at surface (see Table 4 and Figure 6) in 2005 and in DJF and MAM in 2010 and possible 563 

underpredictions in PM10 aloft and in part to uncertainty of the satellite retrievals such as 564 

overestimation of AOD by MODIS over desert, arid regions and plateaus due to errors in the 565 

surface reflectance estimates (e.g., Wang et al., 2007) and the non-sphericity effects associated 566 

with dust (Chu et al., 2005). The reported uncertainties for AOD are ±0.05 ± 0.15 over land and 567 

±0.03±0.05 over the ocean (Remer et al., 2005; Hyer et al., 2010). CCN at supersaturation of 568 

0.5% over ocean (CCN0.5-ocean) is moderately underpredicted with annual mean NMBs of -569 

38.4% and -33.0% for 2005 and 2010, respectively, due to underpredictions in PM10 and 570 

uncertainties in the CCN retrievals.  As shown in Figures 8 and 9, the spatial distributions of 571 

CDNC match well with that of the observed CDNC in both years, but the magnitude of CDNC is 572 

underpredicted, with annual mean NMBs of -31.0% and -31.4% and seasonal-mean NMBs of -573 

28.4% to -16.5% and -33.6 to -6.0% for 2005 and 2010, respectively. Such underpredictions in 574 

CDNC can be attributed in part to the underpredictions of PM10 and uncertainties in the derived 575 

CDNC based on MODIS retrievals of cloud properties such as CER, CWP, and COT, all of 576 

which are subject to certain uncertainties.  Bennartz (2007) reported that the errors in CDNC can 577 

be up to 260%, especially for regions with low cloud fractions (CF < 0.1) (e.g., northwestern 578 
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China (see Figure 8)), and that the errors are within 80% for CF > 0.8 and CWP > 25 g m-2. CF 579 

and precipitable water vapor (PWV) are well reproduced in terms of both magnitudes and spatial 580 

correlations, with annual mean NMBs of -10.5% and -8.6% for CF  and -1.5% and 2.7% for 581 

PWV for 2005 and 2010, respectively. As shown in Figure 6, the seasonal mean NMBs for CF 582 

range from -26.8% to 2.1% in 2005 and from -26.4% to 4.7% in 2010.  The performance of CF 583 

varies substantially, with slight overpredictions in JJA but slight- to moderate underpredictions 584 

in both years.  The uncertainties in the MODIS-derived CF and PWV are typically within 10% 585 

(Gao and Kaufman, 2003; Bennartz 2007, Pincus et al., 2012). CWP and IWP, on the other hand, 586 

are poorly simulated in terms of both magnitudes and spatial distributions, with annual mean 587 

NMBs of -54.4% and -96.6% for 2005 and -47.3% and -95.6% for 2010, respectively, indicating 588 

that the simulated clouds may be too shallow compared to the observed clouds. While a similar 589 

degree of underpredictions in CWP occurs for all seasons in 2005, the largest underpredictions 590 

occur in winter, followed by fall, spring, and summer for CWP in 2010 and for IWP in both 591 

years. Such large underpredictions may be caused by several reasons such as an inaccurate 592 

representation of cloud droplet nucleation and ice nucleation processes in WRF-CAM5, the 593 

simulated strong aerosol radiative effects, as well as large uncertainties associated with the 594 

satellite retrievals for CWP and IWP.  For example, Seethala et al. (2010) identified several 595 

factors for large biases in MODIS-derived CWP estimated based on COT and cloud droplet 596 

effective radius inferred from bispectral solar reflectance at 1 km resolution including neglecting 597 

cloud vertical stratification and the effect of absorbing aerosols under polluted conditions with 598 

high aerosol loading, errors in cloud top effective radius retrievals, and the assumption of vertical 599 

homogeneity. Since COT depends on CDNC and cloud liquid water, the underprediction in 600 

CDNC and CWP propagates into COT predictions. In addition, the COT calculation in WRF-601 
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CAM5 only accounts for contributions from water and ice, and contributions from other 602 

hydrometeors such as graupel are neglected, which explains in part the underpredictions of COT.  603 

Those factors are responsible for moderate underpredictions in COT, with annual mean NMBs of 604 

-48.4% and -40.1% and seasonal mean NMBs of -59.5% to -33.5% and -60.2% to -22.1% for 605 

2005 and 2010, respectively (though overpredictions occur in some areas in southern China, see 606 

Figures 8 and 9).  The performance of COT shows strong seasonal variation, with the lowest 607 

underpredictions in JJA and highest underpredictions in DJF (see Figure 6). 608 

Downward longwave and shortwave radiation at surface show very good agreement with 609 

the CERES observations, with annual mean MBs of 23.1 and 19.4 W m-2 and NMBs of 12.7%  610 

and 10.8% for SWD, and MBs of -9.3 and -7.0 W m-2 and NMBs of -2.9% and -2.2% for LWD 611 

for 2005 and 2010, respectively. The largest NMBs occur in DJF for SWD and LWD for both 612 

years (see Figure 6 for SWD seasonal performance). Similar to the overprediction in 613 

precipitation, the overpredictions in SWD may indicate inaccurate model treatments in the cloud-614 

radiation feedbacks. Simulated SWD and LWD show high spatial correlations with CERES 615 

observations (see SWD in Figures 8 and 9) with Corr values of 0.9 and ~1.0, respectively.  616 

Moderate underpredictions occur for SWCF and LWCF, with annual mean MBs of -9.9 and -8.9 617 

W m-2 and NMBs of -18.8% and -16.2% for SWCF, and MBs of -10.9 and -10.2 W m-2 and 618 

NMBs of -37.7% and -33.4% for LWCF for 2005 and 2010, respectively. Their performance 619 

shows a strong seasonal variation with the lowest underpredictions in JJA and the highest 620 

underpredictions in DJF (see Figure 6 for SWCF performance).  Such underpredictions can be 621 

attributed to the underpredictions in PM10 concentrations, CCN over ocean and possibly over 622 

land, CDNC, LWP, IWP, and COT. The major source of uncertainty in the CERES estimate of 623 

radiative fluxes is the instrument calibration. Although the goal for calibration in CERES-624 
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derived SWD and LWD was set to be within 1% (Wielicki et al., 1996), the uncertainty from 625 

instrument calibration can be as large as 4.2 W m-2 (~10%) (Leob et al., 2009).  Another 626 

uncertainty lies in the assumed value for total solar irradiance, which is 1 W m-2 (Leob et al., 627 

2009). The biases in the simulated SWD, LWD, SWCF, and LWCF can therefore come from 628 

uncertainties in the radiation calculation in the model and also in the satellite retrievals. 629 

5. Intercomparison of Results from Different Aerosol Activation Parameterizations 630 

5.1 Sensitivity of the Model Predictions to the Activation Parameterizations 631 

 As shown in Tables 4 and 5 and Figures 5 - 9, the simulation with the FN series 632 

parameterization performs very similarly for most surface concentrations and column mass 633 

abundances of chemical species, T2, Q2, WS10, LWD, LWCF, CCN0.5 (Ocean), IWP, PWV, 634 

and AOD in terms of domain-wide statistics and spatial distributions, but noticeable differences 635 

in performance statistics are noted for the surface mixing ratios of SO2 and NO2 over mainland 636 

China and the column abundance of NO2, precipitation, SWD, SWCF, CDNC, COT, CWP, and 637 

CF. CDNC, CF, COT, CWP, and SWCF increase but SWD decreases when the FN series 638 

parameterization is used. Those changes will reduce photolysis of gaseous compounds, reduce 639 

temperature and PBLH, which will in turn affect the abundance of gaseous compounds.  For 640 

example, surface SO2 mixing ratios over mainland China are lower in 2005 but higher in 2010 in 641 

the FN series simulation than in the AR-G00 simulation. Decreased SO2 mixing ratio is likely 642 

due to enhanced aqueous-phase oxidation resulted from increased CF, and increased SO2 mixing 643 

ratios is likely due to reduced gas-phase oxidation resulted from reduced temperature and OH 644 

radicals. Opposite to the changes in surface SO2 mixing ratios, NO2 mixing ratios over mainland 645 

China are higher in 2005 but lower in 2010 in the FN series simulation than in the AR-G00 646 

simulation.  The increased NO2 in 2005 may be due to reduced conversion of OH radicals to 647 
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form HNO3, whereas decreased NO2 in 2010 may be caused by the enhanced wet scavenging of 648 

HNO3 resulted from increased CF.  Among all changes in those chemical and meteorological 649 

variables, the simulated CDNC shows the most striking differences with an annual mean NMB 650 

of 22.6% for 2005 (comparing to -30.3% from the AR-G00 simulation) and an NMB of 31.0% 651 

for 2010 (comparing to -31.1% from the AR-G00 simulation) because the FN series 652 

parameterization tends to activate more PM to form more CCN, which in turn leads to higher 653 

CDNC.  The two aerosol activation parameterizations give similar activation fractions for Aitken 654 

and coarse mode particles, but quite different activation fractions for accumulation mode 655 

particles. As shown in Figure S5, the average activation fractions of accumulation mode aerosol 656 

number concentrations in the cloud layers (5-10) simulated by WRF-CAM5 with FN series are 657 

higher by 95.8% and 87.0% than those with ARG-00 for accumulation modes. Figure 10 shows 658 

the absolute differences between the simulations with the FN series and the AR-G00 659 

parameterizations. The corresponding percentage difference plots are shown in Figure S6. As 660 

shown in Figures 10 and S6, the domain-wide mean CDNC increases by 66.04 cm-3 (or 107.5%) 661 

in 2005 and by 73.2 cm-3 (or 113.3%) in 2010, because the FN series simulation yields much 662 

higher fraction of activated aerosols than the AR-G00 simulation as shown in Figure S5, and  663 

such differences are amplified by the overall positive feedbacks of aerosols to cloud 664 

microphysical processes during subsequent time steps. Such feedbacks may include the reduction 665 

of cloud droplet coagulation efficiency due to smaller size and the suppression of precipitation 666 

and prolongation of cloud lifetime.  667 

 Although the FN series simulation has similar CDNC performance compared to the AR-668 

G00 simulation in 2010, it gives a moderate performance improvement for CDNC in 2005 and 669 

slight-to-moderate improvement for many other variables. For example, the FN series simulation 670 
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shows slight-to-moderate improvements for CF (by 7.6-8.1% reduction in annual mean NMBs), 671 

and moderate improvements for CWP, COT and SWCF (by 19.7-29.6%, 18.0-27.8%, and 16.5-672 

23.5% reduction in their annual mean NMBs, respectively). As shown in Figures 8 and 9, the 673 

spatial correlation and magnitudes of CWP and COT are noticeably improved with the FN series 674 

over many areas for both years, although some overpredictions of CWP and COT occur in 675 

southern China in 2010.  The changes in cloud properties in turn affect radiation and 676 

precipitation, leading to slight-to-moderate improvements for precipitation (by 31.5-47.5% 677 

reduction in annual mean NMBs against NCDC and 15.8-28.7% reduction in annual mean 678 

NMBs against GPCP Precip) and SWD (by 7.9-13.9% reduction in annual mean NMB). As 679 

shown in Figure 7, suppression of precipitation occurs with a domain-wide mean reduction by 680 

~0.1 mm day-1 (or by 2.3-2.4%) for simulations with the FN series parameterization in both years 681 

(The p-test shows that the differences in precipitation predictions from the simulations with the 682 

AR-G00 and the FN series are statistically significant at the 95% confidence level over the entire 683 

domain).  This is because of the lower precipitation efficiency induced by the presence of more 684 

but smaller cloud droplets.  The reduction in precipitation simulated with the FN series 685 

parameterization reduces the overprediction of precipitation, leading to a moderate-to-large 686 

improvement for its performance. As shown in Figures 10 and S5, domain-wide mean COT 687 

increases by 0.7 (or by 15.3%) in 2005 and by 0.9 (or by 17.3%) in 2010 in the FN series 688 

simulation compared to the AR-G00 simulation.  The higher COT reflects more incoming solar 689 

radiation and lowers the SWD at surface with a domain-wide decease by 1.8 W m-2 (or by 0.9%) 690 

in 2005 and by 2.5 W m-2 (or by 1.3%) in 2010. As a consequence of the above changes induced 691 

by the FN series relative to AR-G00, the domain-wide mean SWCF increases by 1.7 W m-2 (or 692 
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by 3.9%) in 2005 and by 2.0 W m-2 (or by 4.2%) in 2010 (see Figures 8 and 9), which reduces 693 

the underpredictions, consistent with the NMBs shown in Figures 5-6 and Table 5.   694 

5.2 Impacts of Individual Activation Treatments in the FN series Parameterization  695 

Figure 11 shows the percentage differences in non-convective CDNC between the WRF-696 

CAM5 simulation with various updates to the FN05 parameterization and the simulation with the 697 

FN05 parameterization in 2005 and 2010. As expected, B10 with giant CCN kinetic limitations 698 

tends to decrease non-convective CDNC by ~13% in terms of domain-wide mean. K09 with 699 

additional adsorptive activation tends to increase non-convective CDNC by ~29% domainwide 700 

on average with larger increases in the northeastern area located downwind of the dust sources. 701 

BN07 with convective cloud entrainment effect has very small impacts on non-convective 702 

CDNC. All updates in B10, K09, and BN07 lead to a net increase in the non-convective CDNC 703 

by ~12% domainwide on average.   704 

6. Conclusions 705 

A newly developed regional coupled climate-air quality model, WRF-CAM5, is applied 706 

to East Asia and comprehensively evaluated for the first time in this work. An alternative aerosol 707 

activation parameterization based on FN05 and a series of updates including the treatment of 708 

kinematic limitations of giant CCN, the effect from convective entrainment, and the adsorptive 709 

activation pathway for insoluble particles has been incorporated into WRF-CAM5 in parallel to 710 

the default AR-G00 aerosol activation parameterization. Two full-year (2005 and 2010) 711 

simulations using WRF-CAM5 with the AR-G00 and FN series parameterizations have been 712 

conducted to examine the sensitivity of the overall model predictions to different aerosol 713 

activation parameterizations and the resulting climatic impact of aerosols. Simulation results for 714 

both years are evaluated against available surface observational datasets and satellite 715 

observations.  716 
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The simulations with both AR-G00 and FN series parameterizations perform similarly for 717 

chemical concentrations and column mass abundances for both years. Overall the model 718 

performs quite well for column mass abundances of major gaseous species including CO, SO2, 719 

NO2, HCHO, and O3 in terms of both magnitudes and spatial distributions.  Larger biases exist in 720 

the predictions of surface gaseous concentrations of CO and NOx at all sites, SO2 at all sites 721 

except for Taiwan, and O3 in Hong Kong.  Possible reasons for the biases include omission or 722 

inaccuracies in surface emissions (e.g., the emissions of CO from biomass burning and emissions 723 

of SO2 from volcanos, overestimations of SO2 for 2010), uncertainties in the vertical allocation 724 

of total emissions (e.g., for CO, SO2, and NOx), and overpredictions in the PBL height (e.g., for 725 

CO) and WS10. The large underpredictions in NOx that resulted from underestimations of NOx 726 

emissions lead to moderate-to-large overpredictions of O3 in Hong Kong because of insufficient 727 

titration of O3 by NOx.  Moderate-to-large biases exist in PM2.5 and PM10 predictions at most 728 

sites in both years (e.g., large overpredictions in PM2.5 concentrations in Hong Kong in 2010, 729 

and moderate-to-large underpredictions in PM2.5 and PM10 concentrations at most other sites in 730 

both years), which are attributed to possible underestimations in primary PM emissions and 731 

either underestimates or overestimates of the precursor emissions of secondary aerosols (e.g., 732 

SO2), uncertainties in the dust emission module, simple treatments of aerosols in MAM3, and 733 

overpredictions of precipitation and vertical mixing.   Despite the model biases in gaseous and 734 

PM predictions, the results are deemed to be overall reasonable, especially considering the large 735 

uncertainties in Asian emissions and the fact that the model performance is comparable or better 736 

in some cases than previous applications of 3-D air quality models reported in the literature (e.g., 737 

Wang et al., 2010b; Liu et al., 2010).     738 
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WRF-CAM5 simulations with AR-G00 and FN series perform well for T2, Q2, WS10, 739 

and precipitation for both 2005 and 2010. The predictions for WS10 and precipitation, in 740 

particular, outperform most past applications of MM5,WRF, and WRF/Chem over East Asia and 741 

North America.  The good performance in T2, Q2, and WS10 indicates improvements from the 742 

Bretherton and Park (2009) PBL scheme in capturing PBL processes and the effectiveness of the 743 

simple surface drag correction of Mass and Owens (2010) in reducing large wind biases reported 744 

in many past WRF applications.  The good performance in precipitation is attributed to the use of 745 

more advanced parameterizations for resolved and convective clouds in this work, although 746 

uncertainties in the cloud-radiation feedback treatments may lead to some overpredictions in 747 

precipitation and SWD. Underpredictions in PM concentrations at most sites lead to moderate 748 

underpredictions in AOD, CCN, and CDNC.  CWP, IWP, and COT are underpredicted due to 749 

underpredictions in CDNC, an inaccurate representation of cloud droplet nucleation, a poor 750 

representation of ice nucleation processes, the omission of contributions from other 751 

hydrometeors such as graupel in COT calculation, as well as large uncertainties associated with 752 

the satellite retrievals for CWP, IWP, and COT.  The model performs well for CF, PWV, SWD, 753 

and LWD for both years.  Moderate underpredictions occur for SWCF and LWCF, which are 754 

attributed to the underpredictions in PM10 concentrations, CCN over ocean and possibly over 755 

land, CDNC, LWP, IWP, and COT. 756 

Comparing to WRF-CAM5 simulations with AR-G00, WRF-CAM5 simulations with the 757 

FN series give significantly higher (by ~107-113%) higher CDNC. About half of the difference 758 

could be attributed to the higher aerosol activation fraction by the FN series than that by AR-759 

G00, and the remaining half of the difference is due to the feedbacks in subsequent cloud 760 

microphysical processes. The higher aerosol activation fraction by the FN series is mainly due to 761 
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the use of the smaller value of the uptake coefficient, along with a more effective representation 762 

of the competition of CCN for water vapor during the cloud development phase. The higher 763 

CDNC from the simulations with the FN series parameterization lead to slight-to-moderate 764 

improvements for CF and moderate improvements for other cloud properties such as CWP, 765 

COT, and SWCF, which in turn leads to slight-to-moderate improvements for precipitation and 766 

SWD.  While the model biases in meteorological and chemical variables affect the absolute 767 

values of performance metrics for both simulations, they do not affect the major differences in 768 

the model predictions from WRF-CAM5 with the two aerosol activation parameterizations. 769 

The comprehensive model evaluation in this work identifies several areas of 770 

improvements including emissions (e.g., biomass burning, volcanic activities) and model 771 

formulations (e.g., aerosol formation, cloud droplet nucleation, and ice nucleation).  The 772 

incorporation of a more advanced aerosol activation parameterization and its evaluation against 773 

observations and comparison with the default AR-G00 parameterization demonstrate the 774 

importance and benefits of the improvements in representing aerosol-cloud interaction processes 775 

in climate models.    776 
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Table 1.  The aerosol activation treatments in WRF-CAM5 simulations. 

 

Type of simulation Name Köhler 
activation

Insoluble 
adsorption 

Giant CCN 
equilibrium 

Entrainment 
effects 

Baseline AR-G00     
Sensitivity FN05     
 FN05/K09     
 FN05/B10     
 FN05/B07     
 FN05/K09/B10/B07 

(The FN series) 
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Table 2. WRF-CAM5 Model Components and Configurations 

Simulation Period 2005, 2010 
Domain East Asia 
Horizontal resolution 36 km (164 97) 
Vertical resolution 23 layers from 1000 to 100 mb, with 8 layers in the PBL 
Meteorological IC and 
BC 

The National Centers for Environmental Predictions Final Analysis 
(NCEP-FNL) reanalysis data; re-initialization every 5 days 

Chemical initial 
conditions 

Community Multiscale Air Quality (CMAQ) modeling system 
(Binkowski and Roselle, 2003; Byun and Schere, 2006) 

Chemical boundary 
conditions 

The Goddard Earth Observing System Atmospheric Chemistry 
Transport Model (GEOS-Chem)  

Anthropogenic 
emissions 

Adjusted emission based on Wang et al. (2010) for 2005; the Multi-
resolution Emission Inventory for China (MEIC) emission 
inventories for 2010 

Biogenic emissions Model of Emissions of Gases and Aerosols from Nature (MEGAN) 
version 2 (Guenther et al., 2006) 

Dust emissions Zender et al. (2003) as implemented by Wang et al. (2012)   
Sea-salt emissions Gong et al. (2002) 
Shortwave radiation The Rapid Radiative Transfer Method for GCMs (RRTMG) (Mlawer 

et al., 1997; Iacono et al., 2008) 
Longwave radiation The Rapid Radiative Transfer Method for GCMs (RRTMG) (Mlawer 

et al., 1997; Iacono et al., 2008) 
Land surface Community National Centers for Environmental Prediction (NCEP), 

Oregon State University, Air Force, and Hydrologic Research Lab-
NWS Land Surface Model (NOAH) 
(Chen and Dudhia, 2001; Ek et al., 2003) 

Surface layer Monin-Obukhov (Monin and Obukhov, 1954) 
PBL Bretherton-Park (Bretherton and Park, 2009) 
Cumulus Zhang-Macfarlane (Zhang and MacFarlane, 2005) with modifications 

from Song and Zhang 2011 (Song and Zhang, 2011) 
Microphysics Morrison 2-moment (Morrison and Gettelman, 2008) 
Aerosol activation Abdul-Razzak and Ghan (Abdul-Razzak and Ghan, 2000) 

Fountoukis and Nenes and its updates (Fountoukis and Nenes, 2005; 
Barahona et al. 2010; Barahona and Nenes, 2007; Kumar et al., 2009) 

Gas-phase chemistry CBM-Z (Zaveri and Peters, 1999) 
Photolysis FTUV (Madronich,1987) 
Aqueous phase 
chemistry 

Carnegie Mellon University (CMU) mechanism of Fahey and Pandis 
(2001) 

Aerosol module 3-mode version of modal aerosol model (MAM-3) (Liu et al., 2012) 
 

 



3 
 

Table 3. Parameters and Associated Observational Databases Included in the Model Evaluation 

a. Surface Databases 

Databasea Parameterb Data Frequency Number of Sites Data Source / Reference 

NCDC T2, Q2, P  
WS10, Precipitation. 

Hourly for T2, Q2, P, WS10; 
Daily for Precipitation 

Over 900 domain- 
wide 

http://www.ncdc.noaa.gov/cdo-
web/datasets 

GPCPc Precipitation Daily The whole domain http://precip.gsfc.nasa.gov/ 

China-API PM10, NO2, SO2 Daily 84 http://datacenter.mep.gov.cn/report/ 
air_daily/air_dairy_en.jsp 

Hong Kong-
EPD 

PM10, PM2.5, CO, 
SO2, NO, NO2, O3 

Hourly 14 (11 used) http://epic.epd.gov.hk/EPICDI/ 
air/station/?lang=en 

Taiwan-
TAQMN 

PM10, PM2.5, CO, 
SO2, NO, NO2, O3 

Hourly 75 http://taqm.epa.gov.tw/taqm/ 
en/YearlyDataDownload.aspx 

Japan-NIES SPM, Ox, CO, SO2, 
NO, NO2 

Monthly 2134 http://www.nies.go.jp/igreen/ 
index.html 

South Korea PM10, CO, SO2, NO2, 
O3  

Monthly 285-318 for PM10, 
259-305 for CO, 
258-308 for SO2, 
259-304 for NO2, 
258-307 for O3 

http://www.airkorea.or.kr 

AERONETd AOD 
 

Daily (level 2) 
 

10 sites for 2005 
and 15 sites for 
2010 
 

http://aeronet.gsfc.nasa.gov/new_
web/index.html 
 

aNCDC: National Climate Data Center; China- API: Concentrations derived from Air Pollution Index (API) over mainland China; Hong Kong-EPD: Hong Kong 
Environmental Protection Department (EPD); Taiwan-TAQMN: Taiwan Air Quality Monitoring Network (TAQMN), Taiwan; Japan-NIES: National Institute 
for Environmental Studies, Japan; THU-PM, PM observations on campus of Tsinghua University, China. 

bT2-temperature at 2-m; Q2-water vapor mixing ratio at 2-m; WS10-wind speed at 10-m; SPM-suspended particulate matter; Ox - photochemical oxidants. 
cGPCP is a gridded analysis based on gauge measurements and satellite estimates of precipitation at a resolution of 2.5° × 2.5°. 
dAERONET: Aerosol Robotic Network.
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b. Satellite Databases 
 

Sensor 
/Satellitea 

Parameter 
Spatial, Vertical, and Temporal 
resolutions for Raw Measurements 

Level-3 Data 
Spatial Grid 
(Latitude × 
Longitude) 

Time 
Resolution 
for 
Evaluation 

Data Source 

MOPITT 
/Terra 

CO 

Horizontal: 22 × 22 km 
Vertical: 5-km; Swath Path: ~640-km; 
Temporal: every 0.4 second, compiled 
as daily  

1o × 1o 
Monthly 
Mean 

ftp://l4ftl01.larc.nasa.gov/MOPI
TT/MOP03M.004 

SCIAMACHY/ 
Envisat 

NO2 
SO2 

HCHO 

Horizontal: 30 × 60 km 
Vertical: 3-km; Swath Path: 960-km; 
Temporal: 10:30 am local time 

0.25o × 0.25o 
Monthly 
Mean 

http://www.temis.nl/airpollution/
no2col/no2monthscia.php 
http://sacs.aeronomie.be/archive/ 

OMI 
/Aura 

TOC 
Horizontal: 13 × 24 km 
Vertical: 3-km; Swath Path: 2600-km; 
Temporal: 10:30 am 

1o × 1.25o 
Monthly 
Mean 

http://acd-
ext.gsfc.nasa.gov/Data_services/
cloud_slice/new_data.html 

CERES 
/Terra and Aqua 

SWD  
LWD 
SWCF 
LWCF 

Raw measurements of radiation fluxes 
at the top of atmosphere are used to 
constrain model results  

1o × 1o 
Computed and 
interpolated 
using modeled 
results with 
constraints from 
observations 

Monthly 
Mean 

http://ceres.larc.nasa.gov/order_
data.php 

MODIS 
/Terra 

AOD 
COT 
CWP 
IWP 
CCN 
CDNC 
PWV 
 

Horizontal: 1,000-m, 500-m, and 250-
m resolution spectral bands; Vertical: 
tropospheric column; Swath 
width:2,330-km 
Temporal: 10:30 am local time 

1o × 1o 
Monthly 
Mean 

http://ladsweb.nascom.nasa.gov/
data/search.html 
CDNC is derived based on 
Bennartz (2007) 
 

aMOPITT-the Measurements Of Pollution In The Troposphere; SCIAMACHY/Envisat-the SCanning Imaging Absorption SpectroMeter for Atmospheric 
CHartographY/Environmental Satellite; OMI-the Ozone Monitoring Instrument; CERES - Clouds and Earth's Radiant Energy System; and MODIS-the Moderate Resolution 
Imaging Spectroradiometer, b CO-carbon monoxide; NO2 – nitrogen dioxide; SO2 – sulfur dioxide; TOC- Tropospheric ozone column; TOR-Tropospheric ozone residue; 
HCHO-formaldehyde; AOD-aerosol optical depth; SWD - downward shortwave radiation at surface; LWD - downward longwave radiation at surface; COT - liquid cloud optical 
thickness; CWP - liquid cloud water path; CDNC - cloud droplet number concentration 
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Table 4. Annual performance statistics for chemical variables from the 2005 and 2010 WRF-CAM5 simulations with AG-R00 and FN series 
aerosol activation parameterizations 

  2005 2010 
Variable Dataset AR-G00 FN Series AR-G00 FN Series 
  MB NMB,

% 
NME,

% 
Corr MB NMB,

% 
NME,

% 
Corr MB NMB,

% 
NME,

% 
Corr MB NMB,

% 
NME,

% 
Corr 

CO 
  
  

Hong Kong -509.1 -55.7 56.2 0.4 -506.5 -55.4 56.0 0.4 -392.9 -42.7 48.0 0.4 -383.4 -45.2 47.0 0.4 
Taiwan -225.0 -47.6 49.6 0.4 -224.0 -47.4 49.5 0.4 -169.9 -41.4 44.2 0.4 -168.9 -41.1 44.1 0.4 
Japan -293.8 -58.5 60.4 -0.2 -293.4 -58.4 60.3 -0.2 -209.9 -51.7 54.0 -0.1 -209.6 -51.6 54.0 -0.1 
South Korea -- -- -- -- -- -- -- -- -180.0 -38.1 51.6 0.1 -178.1 -37.7 51.5 0.1 

Col. CO MOPITT 
1.2 × 
1017 

5.8 9.5 0.9 1.1 × 
1017 

5.8 9.4 0.9 1.2 × 
1016 

0.6 8.0 0.9 1.2 × 
1016 

0.6 8.0 0.9 

SO2 
  
  
  

China-API -56.2 -49.1 68.8 -0.1 -65.5 -57.2 69.8 0.0 -46.4 -47.8 66.8 0.1 -32.9 -34.0 61.5 -0.1 
Hong Kong -10.4 -47.9 62.7 0.4 -10.4 -47.8 63.2 0.4 35.3 304.9 312.3 0.2 36.1 312.1 319.2 0.2 
Taiwan -0.7 -14.3 67.6 -0.0 -0.7 -14.9 67.7 -0.0 0.4 11.5 78.5 -0.1 0.5 11.9 78.8 -0.1 
Japan -1.9 -60.2 76.7 -0.1 -1.9 -60.3 76.7 -0.1 -0.9 -44.2 77.6 -0.1 -0.9 -43.7 77.7 -0.1 
South Korea -- -- -- -- -- -- -- -- 2.3  52.1 126.1 0.1 2.4 53.5 126.9 0.1 

Col. SO2 SCIAMACHY 0.1 50.1 103.3 0.7 0.1 50.3 103.7 0.7 -0.1 -15.8 69.9 0.6 -0.1 -15.4 70.3 0.6 

NO 
  

Hong Kong -102.9 -99.1 99.1 0.2 -102.9 -99.2 99.2 0.2 -77.4 -91.4 91.5 0.3 -76.7 -90.6 90.7 0.3 
Taiwan -4.8 -79.8 85.1 0.2 -4.8 -79.8 85.1 0.2 -3.2 -68.7 82.3 0.2 -3.2 -68.2 82.3 0.2 
Japan-NIES -8.0 -94.1 95.0 -0.1 -8.0 -94.2 95.0 -0.1 -4.6 -90.3 93.1 -0.0 -4.6 -90.3 93.2 -0.0 

NO2 
  
  

China-API -109.4 -89.0 89.0 -0.1 -96.3 -78.3 79.1 -0.1 -48.1 -39.6 43.4 -0.1 -73.2 -60.2 60.2 0.6 
Hong Kong -47.2 -77.5 78.0 0.6 -47.1 -77.3 77.9 0.2 -20.2 -30.7 45.1 0.4 -19.3 -29.3 44.7 0.4 
Taiwan -6.3 -41.7 57.9 0.1 -6.2 -41.2 57.8 0.1 -4.2 -30.3 55.7 0.0 -4.1 -29.4 55.8 0.0 
Japan -8.0 -63.0 74.3 -0.07 -7.9 -62.8 74.2 -0.1 -5.1 -51.9 71.6 -0.1 -5.0 -51.2 71.9 -0.1 
South Korea -- -- -- -- -- -- -- -- -6.7 -41.7 62.1 0.3 -6.6 -41.0 62.2 0.3 

Col. NO2 SCIAMACHY 
-4.3 × 
1013 

-1.8 43.4 0.8 -1.6 × 
1013 

-0.0 43.7 0.8 4.4 × 
1014 

14.8 37.0 0.9 4.9 × 
1014 

16.5 37.8 0.9 

O3 for 
Japan 
O3 for 
other 
sites 

Hong Kong 41.0 120.6 127.0 0.6 40.6 119.4 126.1 0.6 11.0 28.7 79.9 0.5 9.2 23.9 77.9 0.5 
Taiwan 5.0 17.2 32.2 0.1 4.8 16.5 32.1 0.2 2.4 7.9 25.8 0.2 1.9 6.4 25.6 0.2 
Japan 3.7 11.6 25.4 0.4 3.6 11.2 25.0 0.4 1.9 5.7 21.4 0.3 1.7 5.0 21.1 0.4 

South Korea -- -- -- -- -- -- -- -- 6.5 28.7 45.8 0.2 6.2 23.5 39.5 0.5 

 TOC OMI 3.7 12.2 12.3 1.0 3.7 12.1 12.3 0.9 3.5 11.7 12.1 0.9 3.5 11.7 12.1 0.9 
Col. 
HCHO SCIAMACHY 

1.5 × 
1015 

27.9 35.0 0.9 1.5× 
1015 

28.0 35.1 0.9 3.2 × 
1014 

5.2 25.5 0.8 2.8 × 
1014 

4.5 25.1 0.8 

PM2.5 
Hong Kong -9.1 -21.5 49.8 0.4 -9.2 -21.8 49.8 0.4 16.5 54.4 88.3 0.4 16.8 55.3 88.4 0.4 
Taiwan -21.7 -65.2 65.3 0.3 -21.8 -65.4 65.6 0.3 -15.8 -54.9 56.9 0.4 -15.9 -55.0 57.0 0.5 

PM10 
  
  
  

China-API -30.3 -31.0 55.8 0.1 -30.7 -31.4 55.9 0.1 2.2 2.4 58.3 0.2 1.7 1.9 58.1 0.2 
Hong Kong -24.7 -41.7 53.0 0.4 -24.7 -41.7 53.0 0.4 1.1 2.2 62.4 0.4 1.3 2.6 62.2 0.3 

Taiwan -43.5 -74.1 74.1 0.3 -43.6 -71.5 74.2 0.3 -36.3 -67.6 68.0 0.5 -36.2 -67.5 67.9 0.5 
Japan -11.9 -0.5 0.6 -0.1 -11.8 -48.8 55.3 -0.1 -5.2 -27.3 55.5 -0.2 -5.3 -27.7 55.4 -0.2 
South Korea -- -- -- -- -- -- -- -- -22.7 -46.6 55.6 0.4 -22.7 -46.6 55.6 0.4 

The units are in ppm for surface CO at all sites, ppb for all gases other than CO at Taiwan, Japan, and South Korean, and g m-3 for SO2 and NO2 from Mainland China –API, 
g m-3 for concentrations of all gases in Hong Kong; and g m-3 for PM2.5 and PM10 at all sites.  
“—“ Observational data were not available.
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Table 5. Annual performance statistics for meteorological, radiative, and cloud variables from the 2005 and 2010 WRF-CAM5 simulations AG-
R00 and FN series aerosol activation parameterizations 
 
  2005 2010 
Variable Dataset AR-G00 FN Series AR-G00 FN Series 
  MB NMB,

% 
NME,

% 
Corr MB NMB,

% 
NME,

% 
Corr MB NMB,

% 
NME,

% 
Corr MB NMB,

% 
NME,

% 
Corr 

T2 NCDC -1.1 -8.3 15.5 1.0 -1.2 -8.8 15.8 1.0 -0.9 -6.8 13.9 1.0 0.1 1.1 9.9 1.0 
Q2 NCDC 0.1 1.1 10.4 1.0 0.1 0.9 10.4 1.0 0.1 1.2 9.9 1.0 0.1 1.1 9.9 1.0 
WS10 NCDC 0.3 9.7 31.3 0.5 0.3 9.7 31.3 0.5 0.4 11.5 32.5 0.5 0.4 11.5 32.5 0.5 
Precipit
ation 

NCDC 
0.5 17.7 70.5 0.6 0.3 9.3 36.2 0.7 0.5 11.1 63.0 0.7 0.2 7.6 6.2 0.6 

 GPCP 0.3 11.5 64.9 0.6 0.2 8.3 63.6 0.6 0.5 19.0 71.1 0.6 0.5 16.0 69.5 0.6 
AOD MODIS -0.1 -37.8 54.8 0.5 -0.1 -37.9 55.2 0.5 -0.1 -34.5 50.9 0.5 -0.1 -34.8 50.7 0.5 

 
AERON
ET 

-0.3 -50.1 65.7 0.4 -0.3 -49.5 66.4 0.42 -0.2 -41.6 71.0 0.3 -0.2 -42.4 70.9 0.3 

CCN0.5 

(ocean) 
MODIS 

-2.9×108 -35.6 47.1 0.6 -2.9×108 -35.5 47.2 0.6 -2.0×108 -29.0 50.5 0.7 -2.0×108 -28.7 50.5 0.7 

CDNC 
Bennartz 
(2007) 

-44.9 -30.3 37.3 0.6 33.4 22.6 47.4 0.6 -45.4 -31.1 36.5 0.6 45.2 31.0 53.9 0.6 

CF MODIS -0.1 -10.5 22.0 0.7 -0.1 -9.7 21.7 0.7 -0.1 -8.6 21.5 0.7 -0.1 -7.9 21.4 0.7 
PWV MODIS -0.0 -1.5 10.1 1.0 -0.0 -1.6 10.1 1.0 0.1 2.7 11.0 1.0 0.1 2.6 11.0 1.0 
CWP MODIS -61.9 -54.4 59.5 0.7 -49.6 -43.7 55.1 0.7 -49.5 -47.3 56.7 0.6 -34.9 -33.3 54.9 0.6 
IWP MODIS -237.7 -96.6 96.6 0.2 -237.6 -96.6 96.6 0.2 -222.0 -95.6 95.6 0.2 -221.9 -95.5 95.5 0.2 
COT MODIS -8.1 -48.4 56.4 0.7 -6.6 -39.7 54.2 0.7 -6.4 -40.7 54.7 0.6 -4.6 -29.4 54.6 0.6 
SWD CERES 23.1 12.7 14.1 0.9 21.0 11.6 13.4 0.9 19.4 10.8 12.6 0.9 16.7 9.3 11.9 0.9 
LWD CERES -9.3 -2.9 3.6 1.0 -9.0 -2.8 3.6 1.0 -7.0 -2.2 3.0 1.0 -6.4 -2.0 3.0 1.0 
SWCF CERES -9.9 -18.8 29.0 0.9 -8.3 -15.7 28.2 0.9 -8.9 -16.2 26.1 0.9 -6.8 -12.4 25.4 0.9 
LWCF CERES -10.9 -37.7 39.9 0.8 -10.8 -37.4 40.0 0.8 -10.2 -33.4 35.2 0.8 -10.0 -32.8 34.9 0.8 
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