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Abstract 29 

 30 

A unified model framework with online-coupled meteorology and chemistry and 31 

consistent model treatments across spatial scales is required to realistically simulate chemistry-32 

aerosol-cloud-radiation-precipitation-climate interactions.  In this work, a global-through-urban 33 

WRF/Chem model (i.e., GU-WRF/Chem) has been developed to provide such a unified model 34 

framework to simulate these important interactions across a wide range of spatial scales while 35 

reducing uncertainties from the use of offline-coupled model systems with inconsistent model 36 

treatments.  Evaluation against available observations shows that GU-WRF/Chem is capable of 37 
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reproducing observations with comparable or superior fidelity than existing mesoscale models.  38 

The net effect of atmospheric aerosols is to decrease shortwave and longwave radiation, NO2 39 

photolysis rate, near-surface temperature, wind speed at 10-m, planetary boundary layer height, 40 

and precipitation as well as to increase relative humidity at 2-m, aerosol optical depths, column 41 

cloud condensation nuclei, cloud optical thickness, and cloud droplet number concentrations at 42 

all scales.  As expected, such feedbacks also change the abundance and lifetimes of chemical 43 

species through changing radiation, atmospheric stability, and the rates of many meteorological-44 

dependent chemical and microphysical processes.  The use of higher resolutions in progressively 45 

nested domains from the global to local scale notably improves the model performance of some 46 

model predictions (especially for chemical predictions) and also captures spatial variability of 47 

aerosol feedbacks that cannot be simulated at a coarser grid resolution. Simulated aerosol, 48 

radiation, and cloud properties exhibit small-to-high sensitivity to various nucleation and aerosol 49 

activation parameterizations.  Representing one of the few unified global-through-urban models, 50 

GU-WRF/Chem can be applied to simulate air quality and its interactions with meteorology and 51 

climate and to quantify the impact of global change on urban/regional air quality across various 52 

spatial scales.   53 
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1. Introduction  61 

 Global change is driven by an interwoven system of human and natural processes and 62 

include both human-induced and biophysical transformations of land (e.g., urbanization, land use 63 

change, desertification), oceans (e.g., rise in sea-level), atmosphere (e.g., changes in atmospheric 64 

emissions and climate), and ecosystems (e.g., migration and extinction of species).  A changing 65 

climate affects air quality through a number of processes including (1) changes in climate 66 

variables (e.g., temperature, precipitation, and radiation) that affect emissions, chemical 67 

transformation, and transport processes of pollutants on global through urban scales, and (2) 68 

changes in vegetation and land cover that alter biogenic and anthropogenic emissions, dry 69 

deposition, and pollution export from the urban/regional environment to the global.  The impact 70 

of global change cannot be fully understood in a simple cause-effect context, as global change 71 

and air quality are closely coupled through many meteorological, chemical, and radiative 72 

processes.   73 

 Aerosols can affect climate directly through absorption and scattering and indirectly 74 

through the modification of cloud formation and evolution.  Despite an increasing number of 75 

applications of online-coupled models (e.g., Grell et al., 2005, 2011a; Fast et al., 2006; Zhang et 76 

al., 2010a, b, 2012a; Grell and Baklanov 2011; Forkel et al., 2011; Yu et al., 2011), the 77 

feedbacks from aerosols to boundary meteorology and radiation cannot typically be simulated in 78 

most current three-dimensional (3-D) models that do not couple meteorology and chemistry 79 

online.   Those feedbacks, however, are important because they can have a profound impact on 80 

climate state and sensitivity to anthropogenic influences (e.g., Jacobson, 2002; Chung and 81 

Seinfeld, 2005; Liao et al., 2009) and future climate changes may be affected by improved air 82 

quality (Brasseur and Roeckner, 2005).        83 
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While climate responses to changes in gases and aerosols have been extensively studied 84 

in the past several decades (e.g., Chuang et al., 1997; Ghan et al., 2001; Jacobson, 2002; Fiore et 85 

al., 2002; Feichter et al., 2004; Liao and Seinfeld, 2005; Chung and Seinfeld, 2005; IPCC, 2007; 86 

Liao et al., 2009; Chen et al., 2010), studies focused on the impact of global change on 87 

urban/regional air quality are limited.  As shown in Figure 1, the impact of climate change on air 88 

quality is typically studied through a one-way approach using several offline-coupled models 89 

separately at different scales.  These models typically include a general circulation model (GCM) 90 

that provides future meteorology/climate simulations; a global air quality model that is driven by 91 

GCM and provides boundary conditions to an urban/regional air quality model; a regional 92 

climate model that downscales the GCM to predict future regional climate change and a regional 93 

air quality model that predicts the impact of a future climate scenario on regional air quality.  94 

Some modeling systems also consist of an urban/local weather model that downscales the 95 

regional climate/meteorological model to predict future urban/local scale climate change, an 96 

urban air quality model that predicts the impact of future climate scenarios on urban/local scale 97 

air quality, and a neighborhood-scale human health/exposure model to predict the impact of 98 

urban/local air pollution on human health.  These models at various scales require natural and 99 

anthropogenic emissions that are affected by population and economic growth, 100 

energy/fuel/technology use, and land use.  The predicted changes in climate and air quality as 101 

well as human health impact on various scales can be used to guide the development of effective 102 

strategies for climate change mitigation and air quality management as well as relevant economy 103 

and climate policy analysis, all of which, as cyclical processes, will affect future population and 104 

economic growth, energy/fuel/technology use, and land use, and thus modify natural and 105 

anthropogenic emissions.  106 
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While such an offline-coupled model system have been very useful for answering 107 

questions related to air quality (e.g., Russell and Dennis, 2000; Seinfeld, 2004; Zhang, 2008), it 108 

is subject to several limitations/uncertainties due to incomplete scientific understanding and 109 

computational restrictions.  First, model transport and chemistry treatments are inconsistent 110 

among all models in the system (e.g., Sanderson et al., 2006; Weaver, et al., 2009) and thus 111 

introduce some uncertainties into model estimates.  Second, global models use a spatial 112 

resolution that is too coarse to resolve atmospheric processes at urban/regional scales (e.g., 113 

Johnson et al., 2001; Mickley et al., 2004; Langner et al., 2005; Pye et al., 2009).  Interpolation 114 

errors in meteorological and chemical fields predicted from larger models at much coarser spatial 115 

and temporal resolutions occur when they are used to drive smaller scale models.  Third, 116 

uncertainties exist in the downscaling techniques that may introduce errors (e.g., Fesser and von 117 

Storch, 2008; Liu et al., 2012).  Most importantly, the feedbacks among gases, aerosols, climate, 118 

meteorology, and radiation cannot be taken into account in many existing offline coupled models 119 

at both global and regional scales (e.g., Giorgi and Shields, 1999; Prather et al., 2003; Tagaris et 120 

al., 2007; Pye et al., 2009; Weaver, et al., 2009; Liao et al., 2009).  Such feedbacks can only be 121 

simulated in fully-coupled climate/meteorology-chemistry online models, which have gained 122 

increasing attention (e.g., Jacobson, 2001a, b; Uno et al., 2003; Grell et al., 2005; Roeckner et 123 

al., 2006; Neary et al., 2007).  In addition, the separation of global, mesoscale, and urban/local 124 

models does not permit the simulation of the feedbacks of phenomenal details at a smaller scale 125 

into the larger scales (e.g., Hogrefe et al., 2004; Tagaris et al., 2007; Weaver, et al., 2009), 126 

because such feedbacks can only be simulated in unified global through-urban models, as 127 

indicated in Figure 1.  These model deficiencies in accurately representing detailed atmospheric 128 

processes and feedbacks have led to the largest uncertainties in current estimates of direct and 129 
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indirect effects of aerosols on climate as well as the impact of climate on air quality (IPCC, 130 

2007; Zhang, 2008).   While these past studies significantly advanced our understanding of 131 

various atmospheric processes and their interactions, they indicated a need to develop a 132 

framework that can resolve the aforementioned limitations to further understand scale separation, 133 

impacts of grid resolution, and biases associated with simplifications and mechanism 134 

inconsistencies.  135 

An ideal modeling system should be an online-coupled unified global through-urban 136 

modeling system (e.g., Grell and Baklanov, 2011) that enables the simulation of major feedbacks 137 

across scales with consistent model treatments in a single modeling framework.  Such an 138 

integrated modeling system, of which few exist at the present time, represents a new scientific 139 

capability for the entire scientific community to study important problems that require a 140 

consideration of multi-scale feedbacks, e.g., dust particles are lifted locally; they affect local and 141 

global circulations, which in turn affect their further lifting locally.  It therefore provides a 142 

powerful tool to address two grand environmental challenges: climate change and air quality 143 

degradation, and the development of the optimal emission control strategies that lead to co-144 

benefits for both issues.  At present, very few 3-D climate and air quality models include detailed 145 

physical and chemical treatments, account for all major feedbacks, and can also be applicable for 146 

various spatial scales.  For example, the Gas, Aerosol, Transport, Radiation, General Circulation, 147 

Mesoscale, and Ocean Model (GATOR-GCMOM) of Jacobson (2001a, b, 2004) and Jacobson et 148 

al. (2007) represents gas, size- and composition-resolved aerosol, cloud, and meteorological 149 

processes from the global down to urban scales via nesting, allowing feedback from gases, 150 

aerosols, and clouds to meteorology and radiation on all scales in one model simulation. The 151 

Canadian global multiscale air quality model (GEM-AQ) of Neary et al. (2007) and Kaminski et 152 
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al. (2008) is also a unified online-coupled model that accounts for many meteorology-chemistry 153 

feedback mechanisms and that can directly downscale to a regional domain at a finer horizontal 154 

grid resolution.   155 

  In this study, an online-coupled unified model, i.e., the global-through-urban weather and 156 

forecasting model with chemistry (GU-WRF/Chem), is developed to simulate the interactions 157 

between climate/meteorology and air quality.  The overall objectives are to develop a unified 158 

model system to address the above major model deficiencies and reduce uncertainties associated 159 

with current model estimates, validate this model system using available observations, and 160 

demonstrate the capability of the model system in simulating the interactions between global 161 

climate changes and urban/regional air quality through an initial application over progressively 162 

nested domains from the global to urban scales. 163 

2. Model Development and Characteristics  164 

 GU-WRF/Chem is based on the global WRF (GWRF) version 3.0 (Richardson et al., 165 

2005, 2007; Skamarock et al., 2008) developed at California Institute of Technology (Caltech) in 166 

collaboration with U.S. NCAR and the mesoscale WRF/Chem version 3.0 initially developed by 167 

U.S. NOAA in collaboration with NCAR and multiple organizations and further developed by 168 

the lead author’s group at North Carolina State University (NCSU).  WRF is designed for the 1-169 

10 km grid-scale research applications and operational forecasting.  It is a non-hydrostatic model 170 

that fully conserves mass and includes several options of dynamic cores, physical 171 

parameterizations, and nesting (Skamarock et al., 2008). Since its first release in 2000, WRF has 172 

been developed rapidly and has evolved into several new versions for applications including a 173 

mesoscale WRF/Chem prediction system that fully couples meteorology and chemistry online 174 

(Grell et al., 2005; Fast et al., 2006; Zhang et al., 2010a, 2012a), a regional climate WRF (RC-175 
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WRF) (Done et al., 2005; Liang et al., 2005a, b), a hurricane WRF (H-WRF) (Cangialosi et al., 176 

2005), and GWRF.  In addition, WRF and WRF-Chem have been applied at the large Eddy 177 

simulation scale (e.g., Wang et al., 2009, 2010). The default released mesoscale WRF/Chem v3.0 178 

contains two hard-coded gas-phase chemical mechanisms, i.e., the second generation Regional 179 

Acid Deposition Model Mechanism (RADM2) (Stockwell et al., 1990) and the Carbon-Bond 180 

Mechanism version Z (CBM-Z) (Zaveri and Peters, 1999) (which is a variant of the Carbon 181 

Bond Mechanism IV (CBM-IV) (Gery et al., 1989)).  The Kinetic PreProcessor (KPP, Salzmann 182 

2008; Grell et al., 2011b) is used in WRF/Chem as a chemical solver, which allows the 183 

implementation of additional gas-phase chemical mechanisms into WRF/Chem. At the time of 184 

the release of WRF/Chem v3.0, the equation files existed for RADM2 as well as several versions 185 

of the Regional Atmospheric Chemistry Mechanism (RACM) (Stockwell et al., 1997). The two 186 

aerosol modules available in WRF/Chem v3.0 are the Modal Aerosol Dynamics Model for 187 

Europe (MADE) (Ackermann et al., 1998) with the secondary organic aerosol (SOA) model 188 

(SORGAM) of Schell et al. (2001) (referred to as MADE/SORGAM), and the Model for 189 

Simulating Aerosol Interactions and Chemistry (MOSAIC) (Zaveri et al., 2005a).   An updated 190 

version of the CBM-IV, i.e., the 2005 version of CBM (CB05) of Yarwood et al. (2005) and 191 

Sarwar et al. (2008) and the Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution 192 

(MADRID) of Zhang et al. (2004, 2010b) were incorporated into the mesoscale WRF/Chem v3.0 193 

(referred to as WRF/Chem-MADRID) (Zhang et al., 2010a, 2012a).  CB05 and its extension 194 

(e.g., CB05 with a chlorine (Cl) chemistry extension (CB05Cl)) were developed by the U.S. EPA 195 

and its contractor (Sarwar et al., 2008).  CB05 has been used in the U.S. EPA’s CMAQ as the 196 

default gas-phase mechanism.  With the addition of over 60 reactions into CBM-IV, CB05 is 197 

more suitable for simulating biogenics, toxics, and species potentially important to particulate 198 

http://www.camx.com/publ/pdfs/CB05_Final_Report_120805.pdf
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matter (PM) formation and acid deposition; it can also better simulate some conditions 199 

encountered in pristine areas, winter temperatures, and high altitude situations.  WRF and 200 

WRF/Chem offer 1-way or 2-way nesting. At each coarse-grid time step, the fine grid boundary 201 

conditions (i.e., the lateral boundaries) are interpolated from the coarse grid simulation in both 202 

nesting modes, and the fine grid solution replaces the coarse grid solution for coarse grid points 203 

that lie inside the fine grid in the 2-way nesting modes (Skamarock et al., 2008).  204 

In a parallel effort to the mesoscale WRF and WRF/Chem development at the U.S. 205 

NCAR and NOAA, GWRF was developed by Caltech/NCAR and has been applied to simulate 206 

the interannual variability of dust storms in the atmospheres of Mars and Titan (Richardson et 207 

al., 2005, 2007) and global climate change (e.g., Zhang et al., 2012b).  It uses non-conformal 208 

projections with a lat-long grid with a polar Fourier filter to avoid instabilities due to E-W 209 

distance between grid points becoming small near poles.  GWRF was released in 2007 along 210 

with the mesoscale WRF v3.0.  GWRF offers the same set of physical options for transport 211 

schemes and cloud miscrophysics as mesoscale WRF as described in Skamarock et al. (2008).  212 

Despite large biases at high latitudes and over Arctic and Antarctic areas, it shows overall good 213 

performance in terms of the global zonal mean climatology (Richardson et al., 2007) and major 214 

boundary layer meteorological variables (e.g., Zhang et al., 2012b) as compared to observations 215 

from surface networks and satellites, which is also consistent with GCMs.   216 

The development of GU-WRF/Chem involves several steps.  First, the mesoscale 217 

WRF/Chem-MADRID is globalized through linking it with GWRF.  Second, several existing 218 

model treatments in WRF/Chem-MADRID are improved and new model treatments are 219 

incorporated to ensure an appropriateness of model treatments at all scales.  These treatments 220 

include gas-phase chemistry, photolytic rate calculation, aerosol microphysics and chemistry, 221 
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and aerosol-cloud interactions.  Third, emissions of air pollutants from various emission 222 

inventories are assembled and regridded into the model grids and the improved/new model 223 

treatments are tested and further improved within GU-WRF/Chem.  Fourth, sensitivity 224 

simulations are conducted to understand the impact of modified/new model treatments before 225 

their applications at various scales.   These treatments are described below.  The emissions 226 

assembly and regridding will be described as part of the model application in section 3. 227 

Sensitivity simulations using alternative model treatments will be described in section 4.  228 

2.1 Gas-Phase Chemistry 229 

Major challenges in developing GU-WRF/Chem are to ensure the appropriateness of the 230 

chemical mechanism in simulating O3, PM2.5, their precursors, and mercury (Hg) in both 231 

troposphere and stratosphere and the interactions between aerosols and clouds.  None of the 232 

existing mechanisms (i.e., RADM2, RACM, CBM-Z) in WRF/Chem v3.0 has such a capability.  233 

An appropriate gas-phase chemical mechanism is therefore needed in GU-WRF/Chem.  234 

In this study, a new chemical mechanism based on CB05 is developed for its global 235 

application (referred to as CB05 with global extension (CB05_GE), Karamchandani et al., 2012) 236 

by adding Hg chemistry, the chemistry of the marine boundary layer, the chemistry of the upper 237 

troposphere and lower stratosphere, and Arctic chemistry.  The CB05_GE mechanism is 238 

implemented into GU_WRF/Chem using the Kinetic PreProcessor (KPP) (Salzmann, 2008; Grell 239 

et al., 2011b) and coupled with aerosol and aqueous-phase chemistry in GU-WRF/Chem.  240 

Compared with CB05, which includes 51 species and 156 reactions, CB05_GE contains 289 241 

reactions among 118 species, with a total of 129 new reactions including 6 stratospheric 242 

reactions involving molecular oxygen (O2), excited atomic oxygen (O
1
D), methane (CH4), 243 

nitrous oxide (N2O), and carbon dioxide (CO2) based on Jacobson (2005, 2008) and Seinfeld and 244 
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Pandis (2006), 78 reactions for 25 halogen species (48 for 14 Cl and 30 for 11 Br species), 4 Hg 245 

reactions for elemental mercury (Hg(0)), divalent mercury Hg(II) (gas+PM), 14 heterogeneous 246 

reactions on aerosol/cloud and 10 reactions on polar stratospheric clouds (PSCs), and 17 247 

oxidation reactions of volatile organic compounds (VOCs) (see Tables 1-5 for these reactions in 248 

Karamchandani et al. (2012)).  The heterogeneous reactions in CB05_GE contain12 reactions on 249 

particle surfaces including the oxidation of SO2 to sulfate on mineral aerosols based on Dentener 250 

et al. (1996); 2 reactions on cloud droplets; and 10 reactions on Type I and Type II PSCs.  The 251 

rate constants of the first-order reactions are first calculated as a function of the total surface area 252 

of particles, the reaction probability (also called the uptake coefficient) of the gas, and the 253 

thermal speed of the impinging gas following Jacobson (2005).  Second-order reaction rate 254 

constants are then determined for most of the reactions by dividing the first-order rate constants 255 

by the concentration of the adsorbed species, following the approach of Kirner et al. (2011). Five 256 

species, i.e., water vapor (H2O), CH4, O2, CO2 and hydrogen (H2), that are either not included or 257 

included as a constant in nearly all regional models, are treated as chemically-reactive species, 258 

allowing the simulations of their emissions and/or chemical reactions.  The production of H2O 259 

from the oxidation of CH4 and other VOCs is explicitly treated to allow for feedback between the 260 

meteorological and chemistry components of WRF/Chem, while CH4, H2, and CO2 are modeled 261 

species in GU-WRF/Chem with specified emission rates. O2 is included to allow for its 262 

photolysis as a source of O3 in the stratosphere.  The reaction of CO2 with O
1
D is added to 263 

account for its quenching based on Jacobson (2008). In addition, many of the existing CB05 264 

reactions were updated to allow the explicit production of species such as H2O and CO2. A more 265 

detailed description of the CB05_GE gas-phase chemical mechanism can be found in 266 

Karamchandani et al. (2012). 267 
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2.2 Aerosol Treatments and Radiation-Aerosol-Cloud-Precipitation Interactions 268 

Among the three aerosol modules in GU-WRF/Chem, MADRID is selected because it 269 

contains a secondary organic aerosol (SOA) module that is superior to that in 270 

MADE/SORGRAM and that is not included in MOSAIC (note that MOSAIC in WRF/Chem 271 

version 3.3 and newer contains a SOA module). MADRID is an aerosol module that treats all 272 

major aerosol chemical and microphysical processes including inorganic aerosol thermodynamic 273 

equilibrium, SOA formation, nucleation, gas/particle mass transfer, condensation, and 274 

coagulation. The inorganic aerosol thermodynamic equilibrium is based on ISORROPIA version 275 

1.7 of Nenes et al. (1998). As described in Zhang et al. (2010b), the SOA module simulates 25 276 

SOA species formed by absorbing oxidation products of biogenic VOCs including isoprene and 277 

terpene, and anthropogenic VOCs including toluene, xylene, higher molecular alkanes, and 278 

polycyclic aromatic hydrocarbons.  Terpene is split into sesquiterpene and five monoterpene 279 

families including surrogate species for α-pinene and sabinene, surrogate species for β-pinene 280 

and Δ3-carene, limonene, terpinene, and surrogate species for other monoterpenes.  The binary 281 

homogeneous nucleation of sulfuric acid and water vapor is simulated based on the algorithm of 282 

McMurry and Friedlander (1979) that accounts for the competition between nucleation and 283 

condensation.  Gas/particle mass transfer in MADRID is simulated with three algorithms: a bulk 284 

equilibrium approach that assumes full equilibrium between gas and particulate phases, a hybrid 285 

approach that treats mass transfer explicitly for coarse particles and assumes full equilibrium for 286 

fine particles, and a kinetic approach that solves the full aerosol dynamic equation.  Full 287 

equilibrium is used as the default algorithm for GU-WRF/Chem model development and initial 288 

applications in this work.  In the hybrid or kinetic approach, condensation and evaporation of 289 

condensable gas-phase species are explicitly simulated based on the analytical predictor of 290 
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condensation of Jacobson (2005).   When the bulk equilibrium approach is used, condensation is 291 

implicitly treated by allocating the transferred mass to different size sections based on the 292 

condensational growth law as described in Zhang et al. (2004). The growth of particles over 293 

sections with fixed size boundaries due to condensation and aqueous-phase chemistry is 294 

simulated using the moving-center scheme of Jacobson (Jacobson, 2005).   The coagulation 295 

algorithm is based on the module of Jacobson et al. (1994). 296 

GU-WRF/Chem uses the same aerosol direct and indirect effect treatments as those for 297 

the mesoscale WRF/Chem, which were described in Fast et al. (2006) and Chapman et al. 298 

(2009). A brief description is provided below. Aerosol radiative properties are simulated based 299 

on the Mie theory.  Aerosol direct radiative forcing is calculated using the Goddard shortwave 300 

radiative transfer model of Chou et al. (1998).  The aerosol indirect effects are simulated through 301 

aerosol-cloud-radiation-precipitation interactions.  Cloud Condensation Nuclei (CCN) spectrum 302 

is determined based on the Köhler theory as a function of aerosol number concentrations and 303 

updraft velocity following the aerosol activation/resuspension parameterization of Abdul-Razzak 304 

and Ghan (2002).  The subgrid updraft velocity is calculated from turbulence kinetic energy for 305 

all layers above surface and diagnosed from eddy diffusivity. The same parameterization was 306 

used to calculate updraft velocities on different nested domains in the GU-WRF/Chem 307 

simulations.  Cloud droplet number concentrations (CDNC) are then predicted by accounting for 308 

their changes due to major cloud processes including droplet nucleation/aerosol activation, 309 

advection, collision/coalescence, collection by rain, ice, and snow, and freezing to form ice 310 

crystals following the parameterization of Ghan et al. (1997), which has been added to the 311 

existing Lin cloud microphysics scheme (Lin et al., 1983; Chen and Sun, 2002) to allow the two-312 

moment treatment of cloud water.  The cloud-precipitation interactions are simulated by 313 
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accounting for the dependence of autoconversion of cloud droplets to rain droplets on CDNC 314 

based on the parameterization of Liu et al. (2005).  The cloud-radiation interactions are simulated 315 

by linking simulated CDNC with the Goddard shortwave radiation scheme of  Chou et al. (1998) 316 

and the Lin et al. microphysics scheme (Skamarock et al., 2008).  Although the cloud treatments 317 

in the Lin et al. scheme in GU-WRF/Chem remain parameterized and they are based on the two-318 

moment modal cloud size distribution, they are much more physically-based, as compared to 319 

most models that use highly-simplified cloud microphysics and diagnose CDNC.   320 

 To ensure an adequate representation of aerosol processes and aerosol-cloud-321 

precipitation interactions in GU-WRF/Chem, several aerosol-related treatments are improved in 322 

this work.  CB05_GE is coupled with MADRID and MOSAIC to provide the gas-phase 323 

mechanism to produce precursors for secondary aerosols.  It is also coupled with the Carnegie 324 

Mellon University (CMU) aqueous-phase chemical mechanism of Fahey and Pandis (2001), 325 

which allows additional aerosol formation in cloud and rain drops.  The nucleation treatment in 326 

MADRID is improved through the incorporation of two nucleation parameterizations including 327 

the empirical power law (PW) of Sihto et al. (2006) and the ion-mediated nucleation (IMN) 328 

scheme of Yu (2010) (referred to as SI06 and YU10, respectively hereafter).  SI06 uses the PW 329 

expression to calculate nucleation rates as a function of number concentrations of sulfuric acid 330 

(H2SO4) with the power order of 1 and a prefactor of 1.7 × 10
-6

 that are derived based on the 331 

cluster-activation nucleation theory suggested by Kulmala et al. (2006) using observed 332 

nucleation rates from field campaigns in Europe.  The prefactor A is an empirical coefficient 333 

representing the actual physics and chemistry of the nucleation process.  Its values may vary with 334 

location or season or time of sampling.   SI06 is shown to be the most accurate nucleation 335 

parameterization among a number of binary, ternary, and empirical nucleation schemes tested to 336 
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represent nucleation processes under urban conditions by Zhang et al. (2010a, b). YU10 is based 337 

on a kinetic model that explicitly solves the interactions among ions, neutral and charged 338 

clusters, vapor molecules, and pre-existing particles (e.g., Yu and Turco, 2000; Yu, 2006 ).  The 339 

ionization rates are affected by galactic cosmic rays (GCR) and some localized sources such as 340 

radioactive emanations, lighting, and nuclear waste (Yu et al., 2010).  The simulation with YU10  341 

uses a lookup table for ionization rates, with GCR ionization based on the schemes of Usoskin 342 

and Kovaltsov (2006) and the contribution of radioactive materials from soil based on the 343 

profiles given in Reiter (1992). In the lower troposphere, ionization rate (Q) is generally below 344 

10 ion-pairs cm
-3

s
-1

. In the upper troposphere, Q is in the range of 10-20 ion-pairs cm
-3

s
-1 

at the 345 

low latitudes (30
o
S-30

o
N) and 20-40 ion-pairs cm

-3
s

-1 
at the high latitudes.  A zonally-averaged 346 

annual mean Q values can be found in Yu et al. (2010).  Recent studies have shown that the 347 

physics-based IMN is supported by detailed field measurements (including the overcharging 348 

ratio of freshly nucleated particles) (Yu and Turco, 2011) and may provide an important source 349 

of new particles in the global atmosphere (Yu et al., 2008; Yu and Luo, 2009).  By comparing 350 

global aerosol number concentration predictions based on six widely-used nucleation schemes 351 

(two binary, two empirical, and two ion-mediated or ion-induced) with an extensive set of 352 

aerosol number concentration data derived from land, ship, and aircraft measurements, Yu et al. 353 

(2010) showed that only YU10 could reasonably account for both absolute values (within a 354 

factor of ∼2) and spatial distributions of particle number concentrations in the entire troposphere. 355 

In this work, both SI06 and YU10 are therefore selected and implemented into GU-WRF/Chem 356 

as alternative nucleation parameterizations.  Section 4 shows preliminary sensitivity test 357 

simulations using various nucleation parameterizations.   358 
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Aerosol activation and scavenging are the direct microphysical links between aerosol and 359 

clouds and therefore critical to the estimation of aerosol indirect effects. The aerosol activation 360 

parameterization used in the publically released version of WRF/Chem is based on that of 361 

Abdul-Razzak and Ghan (2002) (ARG02).  It uses an empirical prescribed value of geometric 362 

diameter and standard deviation and treats each section as a separate mode.  In this study, the 363 

aerosol activation parameterization of Fountoukis and Nenes (2005) (FN05) has been 364 

incorporated into GU-WRF/Chem as an alternative aerosol activation parameterization.  Similar 365 

to ARG02, FN05 has been coupled with the MADRID aerosol module and the CMU aqueous-366 

phase chemical mechanism.  Several differences exist between ARG02 and FN05.  First, ARG02 367 

calculates the maximum parcel supersaturation (Smax) explicitly by using a correlation derived 368 

from the regression of numerical parcel calculations.  FN05 explicitly solves Smax from the water 369 

balance equation using an adiabatic cloud parcel model with the ‘‘population splitting’’ 370 

technique that separates CCN with a size close to their critical diameter from those with other 371 

sizes.  Second, FN05 includes an explicit treatment of mass transfer (i.e., kinetic) limitations in 372 

droplet growth, whereas ARG02 assumes instantaneous activation of CCN and equilibrium 373 

growth to its critical diameter when the parcel supersaturation equals the CCN’s critical 374 

supersaturation without accounting for kinetic effects.  Third, FN05 accounts for the size-375 

dependence of the water vapor diffusivity coefficient and mass transfer coefficient for the growth 376 

of water droplets, which is neglected in ARG02.  FN05 thus provides a more accurate treatment 377 

than many other parameterizations such as ARG02.  Test results using the two different 378 

activation parameterizations are compared to examine their limitations and the sensitivity of 379 

aerosol indirect effects to these approaches in section 4.   380 

2.3 Other Model Treatments 381 
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To enable the aforementioned new/modified model treatments, several additional model 382 

treatments are revised.  The photolytic reaction rates in GU-WRF/Chem are calculated using the 383 

Fast Tropospheric Ultraviolet-Visible (FTUV) model (Tie et al., 2003).  CB05_GE contains 38 384 

out of the 56 photolytic reactions included in the original FTUV and it treats 11 additional 385 

photolytic reactions that are not supported in the FTUV, including those of hypochlorous acid 386 

(HOCl), formyl chloride (FMCL), nitrohydrochloric acid (ClNO2), hydrochloric acid (HCl, 387 

chlorine peroxide (Cl2O2), molecular bromine (Br2), hypobromous acid (HOBr), nitryl bromide 388 

(BrNO2), hypobromite (BrO), bromine chloride (BrCl), and hydrogen bromide (HBr).  The 389 

photolysis data of these species in 17 wavelength bins are added in the FTUV based on Sander et 390 

al. (2006).  Since the default FTUV can only use the RADM2 gas-phase mechanism that is 391 

coupled with MADE/SORGAM, it includes only 21 photolytic reactions.  To couple CB05_GE 392 

with the FTUV, the photolysis rates for additional 28 species are added in the interface between 393 

CB05_GE and FTUV to support CB05_GE and its coupling with MADRID.  Since the FTUV 394 

does not calculate photolysis rates at the top model level in its default setting, it is modified in 395 

this work to provide photolysis rates for all model layers.   396 

Several changes are made in the online emission modules for mineral dust and biogenic 397 

VOCs to overcome some of their limitations, which are described in section 3.2. 398 

3. Initial Application 399 

3.1 Model Configuration and Evaluation Protocol 400 

GU-WRF/Chem simulations over five domains in 2001 January and July are conducted 401 

to evaluate the model performance.  Table 1 summarizes the model configurations.  Figure 2 402 

shows the five domains including a global domain at 4˚ latitude × 5˚ longitude (D01), a Trans-403 

Pacific domain at 1.0˚ × 1.25˚ (D02) covering Asia, the Pacific Ocean, and North America, two 404 

http://www.chemspider.com/Chemical-Structure.10446393.html
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regional domains at 0.33˚ × 0.42˚ over the continental U.S. (D03) and East Asia (D04), and an 405 

urban domain at 0.08˚ × 0.10˚ over the eastern U.S. (D05).  D01 provides a global assessment of 406 

the model capability and simulated meteorology and chemistry interactions and it also provides 407 

boundary conditions to nested domains.  D02 allows an examination of the impact of 408 

intercontinental transport of air pollutants originating from Asia on air quality over the U.S.  D03 409 

and D04 are regional domains comparable to domains used for many past regional air quality 410 

simulations using WRF/Chem and other models such as CMAQ, thus permitting an 411 

intercomparison of model performance between GU-WRF/Chem and regional models.  D05 412 

allows an examination of the model capability on an urban scale.  One-way nesting is used.  The 413 

horizontal grid interpolation from the coarse grid simulation is performed every 20 minutes to 414 

generate time-dependent lateral boundary conditions for the nested domains.   415 

To separate the effects of PM from those of gases on model predictions, two sets of 416 

model simulations are conducted for each month.  In the baseline simulations, all meteorological 417 

and chemical processes of gases and PM species are included.  In the second set of simulations, 418 

all model treatments remain the same as the baseline simulation except that PM emissions and 419 

secondary PM formation processes are turned off, which essentially shuts off the feedbacks 420 

between meteorology and aerosols (except those caused by background concentrations of 421 

aerosols).   Since both simulations use the same initial conditions for PM over the global domain 422 

and the same initial and boundary conditions for PM which represent relatively clean conditions 423 

on nested domains, the differences in model predictions between the two sets of simulations are 424 

caused by additional PM resulting from primary PM emissions and gas-to-particle conversions in 425 

a polluted environment; they provide an estimate of the aerosol feedbacks to shortwave radiation, 426 

PBL meteorology, and cloud formation.  The aerosol feedbacks are analyzed using domainwide 427 
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monthly-mean spatial distributions to minimize the chaotic nature of the relatively-short model 428 

simulations. Region-specific vertical profiles are also examined to study the aerosol feedback 429 

signals in populated continents where the aerosol concentrations (and thus the feedback signals) 430 

are high.  Sensitivity simulations using the FN05 droplet activation and the SI06 and YU10 431 

nucleation parameterizations are also conducted.    432 

3.2 Model Inputs  433 

  While a number of global emission inventories exist, they may not contain all emitted 434 

species included in CB05_GE and none of them reflect the latest changes at urban/regional 435 

scales in rapidly growing regions such as Asia.  In addition, the emissions of a species commonly 436 

included in different emission inventories may be different, so it is important to examine their 437 

fidelity before their usage for model applications.  In this study, we therefore develop a global 438 

emission inventory that incorporates the latest development on regional scales and that represents 439 

the best publicly available emissions of gases, primary PM, and Hg from the literature and public 440 

web sites.    441 

  Table 2 summarizes the emitted species and the sources of their emissions compiled for 442 

the global and nested regional domains. The emissions of ketone (KET), terpenes (TERP), sulfur 443 

dioxide (SO2), nitric oxide (NO), carbon monoxide (CO), ammonia (NH3), elemental carbon 444 

(EC), and organic matters (OM) are based on the Model for Ozone and Related chemical 445 

Tracers, version 4 (MOZART 4) at a grid resolution of 1° × 1° and the emissions of CH4, N2O, 446 

H2, acetaldehyde (ALD2), formaldehyde (FORM), ethane (ETHA), ethene (ETH), internal olefin 447 

(IOLE), olefin (OLE), isoprene (ISOP), methanol (MEOH), and ethanol (ETOH) are based on 448 

the Community Atmospheric Model version 4 (CAM4) at ~2.8° × ~2.8° (T42LR), both of which 449 

are provided by NCAR (Emmons et al., 2010).  However, the total emissions of CO and nitrogen 450 



20 

 

oxides (NOx) from MOZART4 are much higher than those from the REanalysis of the 451 

TROpospheric chemical composition (RETRO, Schultz et al., 2007), the Global Fire Emissions 452 

Database (GFED) version 2 (Randerson et al., 2007; 453 

http://daac.ornl.gov/VEGETATION/guides/global_fire_emissions_v2.1.html), and the 454 

Intergovernmental Panel on Climate Change (IPCC) Special Report on Emission Scenarios 455 

(SRES) (IPCC, 2001; http://www.grida.no/ climate/ipcc/emission/); and they are therefore 456 

adjusted based on the total emissions of the IPCC and the monthly variations of the RETRO.  457 

The scaling factors used are 0.7 for CO emissions in both months and 0.7 for NOx emissions in 458 

July, 2001.   The emissions of CO2, cresol (CRES), higher carboxylic acid (AACD), formyl 459 

chloride (FMCL), hydrocarbon with three, five, and eight carbon atoms (HC3, HC5, HC8), 460 

xylene (XYL), toluene (TOL), and other inorganic primary PM2.5 are taken from RETRO 461 

(Schultz et al., 2007) at 0.5° × 0.5°.  The emissions of methyl chloride (CH3Cl), chlorine nitrite 462 

(ClNO2) and hydrochloric acid (HCl) are from the Reactive Chlorine Emissions Inventory 463 

(RCEI) (McCulloch et al. (1999); Keene et al. (1999); http://www.geiacenter.org/rcei/) at 1° × 1° 464 

and the emissions of trichlorofluoromethane (CFCl3 or CFC-11), dichlorodifluoromethane 465 

(CF2Cl2 or CFC-12) difluorochlorobromomethane (CF2ClBr), and trifluorobromomethane 466 

(CF3Br) are from the IPCC SRES at 1° × 1°.  The emissions of Hg(0), Hg(II) (gas+PM), and 467 

particulate mercury (HgP) from anthropogenic, oceanic, volcanic and other natural sources as 468 

well as reemissions from land and ocean are based on Seigneur et al. (2001, 2004) and Lohman 469 

et al. (2008).  The emissions of paraffin (PARA) are calculated using the emissions of ALD2, 470 

IOLE, and OLE from CAM4, and those of HC3, HC5, HC8, and AACD from RETRO. The 471 

hourly emissions of SO2, NO, NO2, CO, NH3, ALD2, FORM, ETHA, ETH, IOLE, OLE, ISOP, 472 

MEOH, ETOH, XYL, TOL, EC, OM, primary SO4
2-

, primary NO3
-
,
 
and other inorganic primary 473 

http://www.grida.no/%20climate/ipcc/emission/
http://www.geiacenter.org/rcei/
http://en.wikipedia.org/wiki/Trichlorofluoromethane
http://en.wikipedia.org/wiki/Dichlorodifluoromethane
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PM2.5 and PM10-2.5 from regional emission inventories over North America (i.e., the U.S. 1999 474 

National Emissions Inventory (NEI) version 3, 475 

http://www.epa.gov/ttn/chief/net/1999inventory.html) and East Asia (i.e., Q. Zhang et al., 2009; 476 

Wang et al., 2010) are available at a grid resolution of 36 × 36 km
2
 and used for D03 and D04, 477 

respectively.  They are regridded to various grid resolutions for use over D05 and for 478 

replacement of their emissions over D01 and D02.  The updated Asian emissions were developed 479 

using a technology-based, bottom-up methodology following the general approach of Streets et 480 

al. (2003) with more detailed activity/fuel categories based on a proper understanding of China’s 481 

current combustion/process technologies (Streets et al., 2006).  482 

Emissions of sea salt and mineral dust depend on meteorological conditions (horizontal 483 

wind speed and temperatures).  They affect radiative transfer and thus induce dynamical 484 

feedbacks (e.g., Ramanathan et al., 2001; Jacobson, 2002, 2005).  The changes in local winds 485 

will in turn affect further their lifting.  Similarly, while temperature and photosynthetically active 486 

radiation (PAR) affect biogenic emissions, the effects of biogenic emissions can be fed back to 487 

temperature and PAR through their effects on solar and thermal-IR radiative transfer.   Mineral 488 

dust emissions depend not only on meteorological variables but also additional parameters (e.g., 489 

soil moisture and land use), which in turn affect boundary layer structures and biogenic 490 

emissions. Those two-way feedbacks cannot be adequately represented using static emissions.  491 

Their emissions are therefore calculated online in GU-WRF/Chem to enable the feedbacks of 492 

meteorology on their emissions as well as their feedbacks on radiation and meteorology.  493 

The sea-salt emission module used in WRF/Chem v3.0 is based on the work of Gong et 494 

al. (1997) with an updated treatment for smaller sea-salt particles from O’Dowd et al. (1997).  A 495 

number of dust emission schemes have been developed in the past several decades (e.g., Gillette 496 

http://www.epa.gov/ttn/chief/net/1999inventory.html
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and Passi, 1988; Marticorena and Bergametti, 1995; Draxler et al., 2001) to estimate dust 497 

emissions as a function of meteorological variables such as friction velocity, soil texture, surface 498 

roughness, and land-use characteristics.   One of the dust emission modules available in 499 

WRF/Chem v3.0 is based on Shaw et al. (2008) which calculates dust emissions as a function of 500 

surface wind stress, vegetation, and soil type and uses an upper bound of friction velocity of 100 501 

cm s
-1

 to eliminate unrealistically high dust emissions.   However it uses vegetation masks that 502 

are specific to Mexico applications (i.e., grass, shrub, and savanna), which are not appropriate for 503 

global applications.  In this work, two land types(i.e., mixed shrub/grassland and barren or 504 

sparsely vegetated land) are added as possible sources of dust emissions.  In addition, a factor of 505 

0.05 is used to scale down the predicted emissions to match the global emission estimate of 506 

Zender et al. (2003).  For emissions of biogenic species such as isoprene and monoterpenes, 507 

several schemes are developed to account for their dependences on temperature, PAR, and land 508 

use (e.g., Guenther et al., 1993; 1994, 1995; Pierce et al., 1998; Levis et al., 2003; Jacobson, 509 

2005).   The scheme used in this work is based on the modified Guenther biogenic emissions 510 

module (Guenther et al., 1993, 1994; Simpson et al., 1995).  This scheme was originally coupled 511 

with CBM-Z, RACM, and RADM which do not include the chemical reactions of terpenes.  512 

Therefore, the emissions of terpenes are mapped to isoprene, olefin, and xylene with constant 513 

distribution factors that are dependent on land use types for simulations using these gas-phase 514 

mechanisms.   In this work, the emissions of terpenes generated from the Guenther scheme are 515 

directly mapped with those of terpenes treated in CB05_GE.   516 

3.3 Evaluation Protocol 517 

  Model performance is evaluated for both meteorological and chemical predictions from 518 

the global-through-urban domains using available surface and satellite observations as well as 519 
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reanalysis data for January and July 2001. The satellite datasets include the Total Ozone 520 

Mapping Spectrometer/the Solar Backscatter UltraViolet (TOMS/SBUV), the Measurements Of 521 

Pollution In The Troposphere (MOPITT), the Global Ozone Monitoring Experiment (GOME), 522 

and the Moderate Resolution Imaging Spectroradiometer (MODIS).  Global surface network data 523 

include the Baseline Surface Radiation Network (BSRN) and the National Climatic Data Center 524 

(NCDC).  The reanalysis data include the National Oceanic and Atmospheric Administration 525 

Climate Diagnostics Center (NOAA/CDC), the Climate Prediction Center (CPC) Merged 526 

Analysis of Precipitation (CMAP), and the Global Precipitation Climatology Project (GPCP).  527 

Other observation-based data include the MODIS-derived cloud droplet number concentration 528 

(CDNC) from Bennartz (2007).  Surface routine monitoring networks and special studies over 529 

North America include the Clean Air Status and Trends Network (CASTNET) 530 

(http://www.epa.gov/castnet/), the Interagency Monitoring of Protected Visual Environments 531 

(IMPROVE) (http://vista.cira.colostate.edu/improve/), the Aerometric Information Retrieval 532 

System (AIRS)-Air Quality System (AQS) (http://www.epa.gov/ air/data/ index.html), the 533 

Speciation Trends Network (STN), (http://nadp.sws.uiuc.edu/nadpoverview.asp), the 534 

Southeastern Aerosol Research and Characterization study (SEARCH) (http://www.atmospheric-535 

research.com/studies/SEARCH/), and the National Atmospheric Deposition Program (NADP).    536 

  The protocols for performance evaluation follow those used in Zhang et al. (2009a, b, 537 

2012a), including spatial distributions and statistics.  Statistics include the mean bias (MB), the 538 

root mean squared error (RMSE), the normalized mean bias (NMB), the normalized mean error 539 

(NME), and correlations.  The meteorological and radiative variables that are evaluated are 540 

downward shortwave radiation (SWDOWN), outgoing longwave radiation (OLR), cloud fraction 541 

(CF), aerosol optical depth (AOD), cloud optical thickness (COT), cloud water path (CWP), 542 

http://www.eos.ucar.edu/mopitt/
http://www.eos.ucar.edu/mopitt/
http://vista.cira.colostate.edu/improve/
http://www.epa.gov/air/data/index.html
http://www.atmospheric-research.com/studies/SEARCH/
http://www.atmospheric-research.com/studies/SEARCH/
http://www.arl.noaa.gov/ready-bin/arlexit.pl?url=http://nadp.sws.uiuc.edu&name=National%20Atmospheric%20Deposition%20Program
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precipitating water vapor (PWV), cloud condensation nuclei (CCN), CDNC, temperature, water 543 

mixing ratio, and relative humidity at 2-m (T2, Q2, and RH2, respectively), wind speed at 10-m 544 

(WS10), wind direction at 10-m (WD10), and total daily precipitation (Precip).  To evaluate all 545 

observations related to MODIS, the monthly-mean predictions such as AODs and COTs are 546 

calculated as an average of column-integrated values during 1500-2000 UTC when the Terra 547 

satellite passes over the continental U.S., following Roy et al. (2007).  CWP includes cloud water 548 

from liquid, ice, rain, snow, and graupel (Otkin and Greenwald, 2008).  CDNC in warm cloud is 549 

calculated as an average value within the layer of 150~800 m from the ground during cloudy 550 

periods.  Chemical concentrations evaluated include 1-hr and 8-hr maximum average O3, 24-hr 551 

average PM2.5 and its major components (i.e., sulfate (SO4
2-

), nitrate (NO3
-
), ammonium (NH4

+
), 552 

elemental carbon (EC), organic matter (OM), total carbon (TC), column concentrations of 553 

tropospheric CO and NO2, and tropospheric O3 residual (TOR)).   The model performance is 554 

evaluated for all five domains and that over D02-D03 is compared with the performance of other 555 

modeling systems over the same or similar domains.  These include the MM5/CMAQ simulation 556 

over D02 by Wang et al. (2009) and the mesoscale WRF/Chem-CBM-Z-MOSAIC simulation by 557 

Zhang et al. (2010a), the mesoscale WRF/Chem-CB05-MADRID simulation by Zhang et al. 558 

(2012a), and the MM5/CMAQ simulation by Zhang et al. (2009a) over D03.   559 

3.4 Model Evaluation 560 

Table 3 summarizes model performance statistics for meteorological and radiative 561 

predictions of GU-WRF/Chem over the five domains and their comparison with regional 562 

modeling systems applied previously over the same or similar domains.   Compared with 563 

observations from BSRN, the predicted LWDOWN shows very good agreement with NMBs 564 

within 3.2% and NMEs within 6.1%, but the model moderately overpredicts SWDOWN with 565 
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NMBs of 12.6-27.0% and NMEs of 12.7-27.0% in both months over D01-D03 (note that the 566 

statistics over D04-D05 are not calculated because of very small numbers of observational and 567 

simulation data pairs). The model moderately overpredicts SWDOWN against data from 568 

CASTNET and SEARCH over all domains with MBs of 41.3-62.1 W m
-2

,NMBs of 34-52%, and 569 

NMEs of 45.2-55.7%  in January and 60.1-83.1 W m
-2

,19.1-32.1%, and 32.7-45.8%, 570 

respectively,  in July.  The overpredicted SWDOWN can be partly attributed to the fact that the 571 

effect of cumulus clouds on radiation is not accounted for in this version of WRF/Chem since the 572 

Kain-Fritsch II cumulus scheme is not coupled with radiation. The model performs relatively 573 

well for OLR (with MBs < 13 W m
-2

, NMBs < 6.3%, and NMEs < 7.1%)and PWV(with MBs 574 

within 0.15 m
-2

,NMBs within 18.7%, and NMEs < 15.0%) in both months.  Moderate 575 

underpredictions occur in CF (with MBs of -28% to -10.8%, NMBs of -39.4% to -16.1%, and 576 

NMEs of 25.4-39.4%) in January and -18.3% to -7.2%,-32.6% to -10.3%, and 25.4-37.1%)  in 577 

July, and significant underpredictions occur in CWP (with NMBs of -86.2% to -74.5% and 578 

NMEs of 76.4-86.2%) and COT (with NMBs of -85.1% to -70.3% and NMEs of 73.5-85.1%) in 579 

both months.  In addition to the underpredicted CWP, the COT calculation only accounts for 580 

contributions from water and ice in WRF/Chem, and both factors are responsible for the 581 

underpredictions in COTs.  The underpredictions in CWP are mainly caused by limitations in 582 

current cloud microphysical parameterizations (e.g., the contribution of convective clouds to 583 

CWP is not accurately simulated) (Zhang et al., 2012a). The moderate/large underpredictions in 584 

CF, CWP, and COT are mainly responsible for overpredictions in SWDOWN.  Column CCN 585 

over the oceans is underpredicted with NMB of -18.5% and NME of 56.3% in January and NMB 586 

of -8.7% and NME of 43.6%  in July in D01 but overpredicted moderately to significantly with 587 

NMBs of 20-128.2% and NMEs of 54.9-72.1% over D02-D05 (except for D04 in January, over 588 



26 

 

which the NMB is -1%).  CNDC is largely underpredicted with NMBs of -72.1% to -41.2% and 589 

NMEs of 56.2-128.2% over all domains in both months, which is closely related to the 590 

underpredictions in CF, CWP, and COT.  AOD is overpredicted significantly over all domains in 591 

July and over D01 in January but slightly underpredicted over D03-D05 in January, which are 592 

associated with model biases in PM predictions at surface and aloft (e.g., large overpredictions of 593 

surface PM2.5 occur at the IMPROVE sites).  Comparisons with the CMAP data show that 594 

Precip, on other hands, is moderately overpredicted in January over all domains and in July over 595 

D01, D02, and D04 but largely overpredicted in July over D03 and D05.  When comparing with 596 

the GPCP daily precipitation data, overpredictions also dominate in D01 and D03-D05 in July 597 

and in D04 in January.  Comparing with the NCDC daily precipitation, moderate overpredictions 598 

over D01, D02, and D04 (except for D01 in Jan.) and significant overpredictions over  D03 and 599 

D05. Such overpredictions indicate too frequent rains predicted by the Kain-Fritsch II cumulus 600 

parameterization, a major limitation for many cumulus parameterizations that use the rain-601 

bearing systems to establish mean precipitation climatology (Randall et al., 2007).  In addition, 602 

the Lin et al. cloud microphysics scheme has a tendency to overpredict Precip.  Comparing with 603 

observed T2 data from NCDC, the model gives large warm biases in terms of NMBs in Jan. due 604 

to the occurrence of the near zero observed T2.  The NMBs in July are within ±3%.  Small cold 605 

biases occur in T2 at the CASTNET sites (mostly rural/remote sites) in January (with MBs of -606 

0.4 to -0.1°C,NMBs of -13.7% to -2.2%, and NMEs of 45.5-52.3%) and small warm biases (with 607 

MBs of 0.4-0.8 °C,NMBs of 1.9-3.8%, and NMEs of 7.6-10.3%)  occur in July.  For urban and 608 

rural sites, small cold biases occur at the STN sites in all domains and at the SEARCH sites in 609 

D01-D02 in July and small warm biases occur in January except at the STN sites over D01. For 610 

example, at the STN sites, MBs and NMBs are -1.3 to -0.2 °C and -7.7% to -1%, respectively, in 611 
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July over all domains and in January over D01; and MBs and NMBs are 0.03-0.5 °C and 0.4-612 

6.4%, respectively, in January over D02, D03, and D05. The model performs well for Q2 against 613 

NCDC data, with NMBs less than 16% in Jan. and within ±5% in Jul.  The model also performs 614 

well for RH2, with NMBs within 12% and NMEs of 11.0-17.3% at the CASTNET sites and 615 

NMBs within 13.1% and NMEs of 11.0-17.3% at the SEARCH sites.  While the simulated 616 

WD10 slightly deviates from the observations (within 25 ° or by < 13.2%), large overpredictions 617 

occur in WS10 in both months, with NMBs of 60.1-96.7% at the CASTNET sites and 24.8-618 

69.0% at the SEARCH sites.  Using higher resolutions in nested domains can generally improve 619 

the model performance of the predictions of T2 and WD10 at most sites in both months, and 620 

RH2 in January against the CASTNET sites, and SWDOWN in July.  The model performance at 621 

finer grid resolutions over smaller domains is degraded for some variables such as WS10, Precip, 622 

CF, CCN, CDNC, COT, and CWP.  623 

 Compared with regional model simulations at a horizontal grid resolution of 108 × 108 624 

km
2
 using MM5/CMAQ over D02 (Wang et al., 2009), GU-WRF/Chem performs much better 625 

for T2, RH2, and AOD in January, slightly better or comparably for T2, RH2, and AOD in July 626 

and WD10 in both months, and much worse for WS10 in both months.  Compared with regional 627 

model simulations at a horizontal grid resolution of 36 × 36 km
2
 using MM5/CMAQ over D03 628 

(Zhang et al., 2009a), the predictions of AOD from GU-WRF/Chem agree much better in 629 

January but much worse in July, and those of Precip against the CMAP data from GU-630 

WRF/Chem are comparable. Compared with regional model simulations at a horizontal grid 631 

resolution of 36 × 36 km
2
 using mesoscale WRF/Chem-CBMZ-MOSAIC (version 2.2) over D03 632 

(Zhang et al., 2010a), GU-WRF/Chem gives overall comparable performance for all variables, 633 

except for better AOD in January, and worse Precip and AOD in July and WS10 at the SEARCH 634 
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sites in both months.  Comparing with regional model simulations at a horizontal grid resolution 635 

of 36 × 36 km
2
 using the mesoscale WRF/Chem-CB05-MADRID (version 3.0) over D03 in July, 636 

GU-WRF/Chem performs either better or comparably for all variables except for SWDOWN at 637 

the SEARCH sites, and domainwide CF, COT, CDNC, CWP, and AOD. 638 

As shown in Figure 3, the spatial distribution of observed LWDOWN is well reproduced 639 

in both months. That of observed SWDOWN is overall well reproduced except for some 640 

overpredictions at a few sites in Australia and in the southern Pacific Ocean in January and in the 641 

U.S., Australia, and the southern hemisphere in July.  D04 contains only one BSRN site and D05 642 

contains only three sites.  The predicted LWDOWN and SWDOWN at these sites are well 643 

reproduced (see Figure 3b for comparison over D05).  Figure 4 shows the simulated and 644 

observed spatial distributions of several variables in both months.   In both months, simulated 645 

OLR shows an overall good agreement with observations in terms of magnitudes and spatial 646 

distribution (despite some overpredictions over northern Africa, southern North America, 647 

northern South America) except for the areasbetween 45-90 °N in Northern Hemisphere where 648 

the model signifcantly underpredicts OLR and also fails to reproduce its spatial distributions . 649 

CCN near most coastal lines is well predicted, although overpredictions occur in remote marine 650 

areas in Northern Hemisphere in both months and underpredictions occur in the southern oceans 651 

between 45-90 °S in January.  CNDC is overall well predicted in most regions near the coastlines 652 

but significantly underpredicted over land and moderately underpredicted over oceanic areas in 653 

both months. Simulated precipitation captures major patterns and magnitude of observations, 654 

although large overpredictions occur over the tropics. 655 

Table 4 summarizes model performance statistics for chemical predictions of GU-656 

WRF/Chem over the five domains and their comparison with regional model systems.  GU-657 
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WRF/Chem well predicts CO with NMBs within 11.5% and NMEs of 46.6-59.7%, but 658 

significantly underpredicts SO2, NOx, and HNO3 at the SEARCH sites over all domains with 659 

NMBs of -66.1% to -8.2%, -98.0% to  -8.4%, and -44.3% to -14.7% and NMEs of 65.5-86.3%, 660 

66.1-98.3%, and 70.1-89.5%, respectively.  Despite overpredictions in SWDOWN, maximum 1-661 

hr and 8-hr average O3 mixing ratios are slightly underpredicted at the AIRS-AQS sites except 662 

for D05 in July (NMBs of -17.8% to -10.2% and NMEs of 19.6-35.7%) and SEARCH (NMBs of 663 

-14.3% to -1.1% and NMEs of 17.2-26.0%) sites except for D05 in January but slightly to 664 

moderately underpredicted at the CASTNET sites in both months (NMBs of -31.4% to -3.8% 665 

and NMEs of 19.4-35.5%), implying possible underestimates in the emissions of precursors such 666 

as NOx.  This is supported by the large underpredictions in NOx mixing ratios.  24-hr average 667 

concentrations of PM2.5 are moderately-to-significantly overpredicted at the IMPROVE sites in 668 

both months (NMBs of 6.0-138.3% and NMEs of 37.4-149.3%) and slightly overpredicted at the 669 

STN sites in July (NMBs of 5.8-13.8%) and the SEARCH sites in all domains in July and D03 670 

and D05 in January (NMBs of 0.8-10.3%).  They are moderately underpredicted at the STN sites 671 

(NMBs of -36.7% to -7.1%) and at the SEARCH sites (NMBs of -8.6% to -0.9%) over D01-D02 672 

in January. The PM10 number concentrations in the PBL are overpredicted over all domains, 673 

which is likely associated with possible overpredictions of PM10 mass concentrations and other 674 

model uncertainties in the simulated precursor gas concentrations, nucleation rates, growth rates 675 

of nucleated particles, and other processes influencing particle number concentrations.  In 676 

addition to uncertainties in the emissions of primary PM2.5 (e.g., EC and OM) and secondary 677 

PM2.5 precursors (e.g., NH3, NOx, SO2, and VOCs), other possible reasons for overpredictions in 678 

PM2.5 and PM10 include overpredictions in SWDOWN in both months, underpredictions in T2 679 

and overpredictions in RH2 at the CASTNET sites in January, underpredictions in T2 at the STN 680 
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sites in July.  The main reason for underpredictions in PM2.5 in January is the overpredictions in 681 

Precip.  We note small-to-large underpredictions in the concentrations of NH4
+
 and SO4

2- 
(except 682 

for NH4
+
 concentrations at the IMPROVE sites over D01 and D02 in both months and at the 683 

SEARCH site over D05 in January) imply possible underpredictions in the emissions of NH3 and 684 

SO2 and the oxidation of SO2, as well as overpredictions in the wet scavenging of chemical 685 

species due to overpredictions in Precip.  Nitrate concentrations are significantly overpredicted at 686 

the CASTNET, IMPROVE, and SEARCH sites over D01 in January and over all domains in 687 

July (NMBs of 106.5-282.7%, 89.7-367.3%, and 58.6-604.5%, respectively) but underpredicted 688 

over D02, D03, and D05 in January (NMBs of -59.6% to -45.6%, -41.9% to -20.5%, and -35.5% 689 

to -22.0%, respectively).  The concentrations of EC and OM are overpredicted at the IMPROVE 690 

sites (NMBs of 3.6-68.4% and 43.4-86.7%, respectively) (except for OM over D05 in January) 691 

but underpredicted at the SEARCH sites (except for OM in July) in both months (NMBs of -692 

50.5% to -27.9% and -34.1% to -15.6%, respectively).  The concentrations of TC are largely 693 

underpredicted at the STN sites (NMBs of -77.2% to -18.2%), indicating possible underestimates 694 

in the emissions of EC and primary OM and concentrations of SOA. The overpredictions in the 695 

concentrations of EC, OM, and NO3
-
 at the IMPROVE and CASTNET sites help explain the 696 

overpredictions in PM2.5 in both months, whereas the underpredictions in the concentrations of 697 

NH4
+
 and SO4

2-
 are mainly responsible for underpredictions of PM2.5 at the STN sites over all 698 

domains in January and at the SEARCH sites over D01 and D02 in July.  Column CO mass 699 

concentrations are overpredicted over all domains in both months (NMBs of 4.8-54.5% and 700 

NMEs of 11.9-54.5%). Column NO2 mass concentrations are underpredicted over D01, D03, and 701 

D05 in January (NMBs of -23.9% to -0.5%) and over all domains in July (NMBs of -33.9% to -702 

22.2%) but overpredicted over D02 and D05 in January (NMBs of 9.7-33.0%), with NMEs of 703 
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35.6-78.4% over all domains for both months. TOR is underpredicted over D01 in January and 704 

over all domains in July (NMBs of -53.2% to -9.8%), but overpredicted over D02-D05 in 705 

January (NMBs of 28.8-67.2%), with NMEs of 32.4-67.7% over all domains for both months.  706 

The biases in TOR are likely caused by the use of inaccurate upper boundary layer conditions for 707 

O3 (Zhang et al., 2009a).  For many species (e.g., SO2, NO2, O3, PM2.5, BC, and OM), the model 708 

bias generally reduces with successively finer domains, which demonstrates the benefit of using 709 

a progressively nested model from the global to local scale. For example, in July 2001 against 710 

AQS-AIRS, the NMBs for max 1-hr O3 mixing ratios over D01, D02, and D03 are -17.8, -16.7, 711 

and -10.5%, respectively, using the same sets of observations over D03 and those over D01, 712 

D02, D03, and D05 are -5.1, -4.4, -1.1, and 1.1%, respectively, using the same sets of 713 

observations over D05. The NMBs for 24-hr average concentrations over D01, D02, D03, and 714 

D05 in July 2001 against IMPROVE are 44.6, 27.7, 18.2, and 6.0%, respectively. These results 715 

are consistent with those of Jacobson (2001).   716 

Compared with regional model simulations using MM5/CMAQ over D02 (Wang et al., 717 

2009), GU-WRF/Chem performs much better or similarly for PM2.5, OM, column CO, and 718 

column NO2 at most sites in both months and some PM2.5 components (e.g., SO4
2- 

at all sites in 719 

July and EC and NO3
-
 at the IMPROVE sites in January).  It gives slightly worse performance 720 

for maximum 1-hr and 8-hr average O3 and TC in both months, and inorganic PM components at 721 

the STN sites, some PM components such as SO4
2- 

 at the IMPROVE sites and NH4
+
 at the 722 

CASTNET sites, NO3
-
 at the IMPROVE sites, and TOR in January.  The differences in chemical 723 

predictions between GU-WRF/Chem and MM5/CMAQ over D02 are mainly due to differences 724 

in the emissions used over CONUS (the 1999 NEI version 1 for MM5/CMAQ and the 1999 NEI 725 

version 3 for GU-WRF/Chem) and in some meteorological predictions such as WS10 (i.e., much 726 
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higher WS10 from WRF than from MM5).  Compared with regional model simulations using 727 

MM5/CMAQ over D03 (Zhang et al., 2009a), GU-WRF/Chem performs better for OM at all 728 

sites and EC at the SEARCH site in both months and column NO2 and TOR in January.  It gives 729 

slightly worse maximum 1-hr and 8-hr O3 and worse PM2.5 and most of its components in both 730 

months except for PM2.5 at the IMPROVE and SEARCH sites. GU-WRF/Chem uses the same 731 

version of 1999 NEI version 3 as MM5/CMAQ over CONUS except for lower NO2 emissions as 732 

mentioned previously.  The lower NOx emissions used in GU-WRF/Chem simulations can 733 

explain lower concentrations of O3, PM2.5 and its components, and column NO2.  Compared with 734 

regional model simulations using mesoscale WRF/Chem (version 2.2) over D03 (Zhang et al., 735 

2010a), GU-WRF/Chem performs better for maximum 1-hr and 8-hr O3 at most sites and column 736 

NO2 in both months, TOR in January, as well as PM2.5 and most of its components in July.  It 737 

gives worse performance for PM2.5 and most of its components in January and TOR in July.  738 

While the lower NOx emissions used in GU-WRF/Chem contribute largely to the differences in 739 

model predictions, other important factors include major updates in the model treatments in 740 

WRF/Chem v3.0 on which GU-WRF/Chem is based, as compared with WRF/Chem v2.2 used 741 

for the regional simulations.  In particular, large overpredictions by WRF/Chem v2.2 are caused 742 

by two main problems.  The first one is in the Yonsei University (YSU) PBL scheme that 743 

arbitrarily sets an unrealistic value of 15-m for nocturnal PBL height, leading to a lower PBL 744 

height that contributes to the nighttime overpredictions of PM2.5 in both months (Misenis and 745 

Zhang, 2010).  This problem has been corrected in WRF/Chem v3.0 (Hong et al., 2008) and thus, 746 

in GU-WRF/Chem.  The second problem lies in the non-positive definite advection scheme used 747 

in the regional simulations because the positive definite advection scheme was not available in 748 

WRF/Chem v2.2. This may contribute to the large overpredictions in PM2.5 and its composition 749 
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in July at many sites in the eastern U.S., which are located near the large point sources of the 750 

gaseous precursors of secondary PM2.5 or their downwind areas (Chapman et al., 2009; Zhang et 751 

al., 2010a).  Despite an overall better performance than WRF/Chem v2.2 in July, the GU-752 

WRF/Chem performance is not as good as expected.  A possible reason is the larger 753 

overprediction in Precip, which scavenges too much soluble PM2.5 species such as NH4
+
 and 754 

SO4
2-

.   The worse Precip predictions are caused by a coarser vertical resolution used in GU-755 

WRF/Chem than that in WRF/Chem v2.2, i.e., the former uses 27 layers from surface to 50 mb 756 

(23 layers from surface to 100 mb) and the latter uses 34 layers from the surface to ~100 mb, 757 

although the first model layer height for both models is set to be ~40 m above the ground level 758 

(AGL).  This is because the cumulus parameterization is very sensitive to the vertical resolution. 759 

A sensitivity simulation over D03 using the mesoscale WRF/Chem with the Grell-Devenyi 760 

cumulus parameterization (Grell and Devenyi, 2002) shows a worse performance using a coarser 761 

vertical resolution. 762 

  Several bugs in WRF/Chem v2.2 and 3.0 were corrected based on the bug report at 763 

http://www.mmm.ucar.edu/wrf/users/wrfv3/known-prob.html.  These include one bug in the 764 

Kain-Fritsch (KF) II scheme that may cause long-lasting cloud in rare areas and another bug in 765 

the Lin microphysics scheme that causes the overprediction of cloud ice, graupel, and surface 766 

rainfall.  However, the mesoscale WRF/Chem-MADRID that is based on WRF/Chem v3.0 still 767 

overpredicts Precip.  Comparing with regional model simulations using the mesoscale 768 

WRF/Chem-MADRID (v3.0) over D03 in July, GU-WRF/Chem performs either better or 769 

comparably for all gaseous species except for CO, maximum 1-hr and 8-hr O3, column NO2, and 770 

TOR, and aerosol species except for NH4
+
 at the CASTNET and IMPROVE sites, NO3

-
 and 771 

SO4
2-

 at most sites, and OM at the IMPROVE sites.  Although Precip is less overpredicted by 772 

http://www.mmm.ucar.edu/wrf/users/wrfv3/known-prob.html
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GU-WRF/Chem than by WRF/Chem-MADRID, the concentrations of some PM species such as 773 

NH4
+
 and SO4

2-
 are underpredicted to a larger extent, due to larger underpredictions of CDNC, 774 

CWP, and CF and thus underpredictions in aqueous-phase formation of (NH4)2SO4.   775 

Figures 5 and 6 show the simulated surface mixing ratios of O3 and concentrations of 776 

PM2.5 overlaid with available observations from surface networks over CONUS (D02) and the 777 

eastern U.S. The underpredictions in the mixing ratios of O3 occur mostly in the western U.S. in 778 

both months, and in the central plains and the eastern U.S. in July.  Simulated O3 mixing ratios at 779 

0.08˚ × 0.10˚ over D05 show more details in concentration gradients (e.g., a good agreement 780 

with observations over several high O3 regions such as southern Indiana and northern Kentucky, 781 

and a few lower O3 regions in southern South Carolina, eastern North Carolina, central Virginia, 782 

and eastern Pennsylvania where underpredictions occur in July that cannot be predicted at 0.33˚ 783 

× 0.42˚ in D03).  The use of a finer grid resolution greatly improves the agreement of model 784 

predictions with observations of surface O3 in July although it degrades its performance slightly 785 

in January (see Table 2).  The model captures several high PM2.5 areas in the Midwest and the 786 

southeastern U.S. in both months, although it misses a few hot spots in the western and eastern 787 

U.S. in both months.  The model simulates higher PM2.5 concentrations with a greater gradient 788 

over several areas over D05 at 0.08˚ × 0.10˚ than at 0.33˚ × 0.42˚ in both months.  The use of a 789 

finer grid resolution greatly improves the agreement of model predictions with observations of 790 

PM2.5 in both months, in particular, at the STN sites in January and the IMPROVE sites in July 791 

(see Table 2).   792 

Figure 7 shows the global spatial distributions of predicted net concentrations of PM10, 793 

PM2.5, and PM2.5 composition resulting from emissions and all formation paths but excluding 794 

contributions from boundary conditions in January and July, 2001.  Those concentrations are 795 
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obtained by taking the differences between the baseline simulations and the simulations in which 796 

PM emissions and formation processes for secondary PM are turned off.  In January, PM10 797 

concentrations can be up to 268.8 g m
-3

 with a global mean of 19.7 g m
-3

.  Over most land 798 

areas PM2.5 constitutes over 80% of PM10, except for a few deserts/arid regions where coarse PM 799 

dominates (e.g., Sahara deserts in northern Africa and Taklamakan and Gobi deserts in 800 

northwestern China).  Sea-salt can dominate over the ocean, with concentrations of 10- 50 g m
-3

 801 

over most oceanic areas.  PM2.5 concentrations are high over regions where anthropogenic 802 

sources are significant.  They are dominated by both inorganic and carbonaceous PM 803 

components in Asia, North America, and Europe but primarily carbonaceous PM in Africa due to 804 

high biomass burning emissions (Roberts et al., 2008).  Concentrations of NO3
-
 can be up to 10 805 

g m
-3

, with a global mean of 0.8 g m
-3

.  In July, PM10 and PM2.5 concentrations can be up to 806 

248.3 and 246.7 g m
-3

 with a global mean of 19.4 and 9.9 g m
-3

, respectively, and PM2.5 807 

constitutes more than 90% of PM10 over most land areas except for a few deserts/arid regions.  808 

Compared with January, the coarse PM concentrations over the Sahara deserts, the Arabian 809 

deserts in the Middle East, and the Taklamakan deserts are much higher.  Sea-salt concentrations 810 

are also higher in the oceanic areas in the southern hemisphere (10-60 g m
-3

) due to stronger 811 

winds.  While the PM2.5 concentrations in Europe (in particular, Spain), South Asia, and eastern 812 

China are smaller, those in South Africa, eastern Europe, and the U.S. are larger in July, which 813 

are also consistent with the seasonal variations of observed PM2.5 concentrations (e.g., Zhang et 814 

al., 2009a; Liu et al., 2010). The concentrations of SO4
2-

 are much higher over all industrial 815 

continents where anthropogenic emissions of SO2 are high and those of NO3
-
 are much lower due 816 

to high temperatures that do not favor its formation.  The concentrations of EC and OM are much 817 

lower in Asia and much higher in southern Africa and northern South America, which are also 818 
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consistent with other modeling and satellite studies (e.g., the work of Roberts et al., 2008 in 819 

Africa).    820 

3.5 Aerosol Feedbacks 821 

Figures 8 and 9 show the effect of PM2.5 on meteorological and chemical predictions 822 

through direct, semi-direct, and indirect effects in January and July, respectively.  In January, the 823 

regions with large changes in meteorological and cloud-related variables correlate with those 824 

having high PM2.5 concentrations (see Figure 7) or large percentage changes (Figure not shown). 825 

PM2.5 reduces SWDOWN in most areas by up to 83.1 W m
-2

 (-55.5%) with a global average of 826 

17.2 W m
-2

 (-7.5%).  The areas of reduction generally follow the spatial distribution of PM2.5.  It 827 

reduces LWDOWN over regions with high PM2.5 concentrations such as central Africa and 828 

eastern China by up to 5.8 W m
-2 

(-1.6%), although the global average is a net increase of 0.9 W 829 

m
-2

 (0.3%), due to enhanced LWDOWN in regions where PM2.5 concentrations are relatively 830 

low but the warming effect of greenhouse gases and EC dominates.  As a direct response to 831 

reduced SWDOWN, the photolysis rates of NO2 decrease by up to 2.1× 10
-3

 s
-1 

(-68.9%), with a 832 

global mean reduction of 2.2 × 10
-4

 s
-1 

(-9.3%). T2 is affected by many factors including 833 

radiation, land-air surface fluxes, and boundary processes through semi-direct effects, with a net 834 

reduction by 1 °C (-2693.8%) over regions with high PM2.5 concentrations and a global mean 835 

reduction of 0.05 °C (-1.4%), whereas RH2 increases by up to 4.6% (7.7%) with a global mean 836 

increase of 0.2% (0.3%).  As shown in Figure 10, the decreases in temperatures extend from the 837 

surface to the boundary layers (< 800 mb) due to the dominance of backscattering of solar 838 

radiation by aerosols but they either increase slightly or remain unchanged at higher latitudes due 839 

to the increased infrared radiation caused by absorbing aerosols such as black carbon that 840 

dominates over or offsets the cooling caused by aerosol backscattering in January.  PBL height 841 
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decreases by up to 262 m (-28.3%) over regions with high PM2.5 concentrations, with a global 842 

mean decrease of 5.9 m (-1.0%).  WS10 and Precip decrease slightly by up to 0.3 m s
-1

 (-11.5%) 843 

and 3.9 mm day
-1

 (-79.4%) over these regions, with a global mean of -0.006 m s
-1

 (-0.2%) and     844 

-0.002 mm day
-1

 (-0.1%).  As expected, AOD and column CCN at supersaturation (S) of 0.5% 845 

increase throughout the globe by up to 1.26 (12631%) and 2.0 × 10
9
 cm

-2
 (3671%) with a global 846 

mean of 0.17 (4772%) and 1.9 × 10
8
 cm

-2 
(506%), respectively.  CF increases through indirect 847 

effect of PM2.5 throughout the globe with a global mean of 67.4%.  COT follows the pattern of 848 

PM2.5 and increases by up to 18.1 (2204%) in most areas with a global mean of 1.6 (104%).  849 

Column CDNC also increases by up to 3.5 × 10
8
 cm

-2
 (by 355489%) in nearly all areas, with a 850 

global mean of 8.3 × 10
5
 cm

-2
 (433%), because of aerosol indirect effects.  The changes in 851 

meteorological and radiative variables affect the distributions and magnitudes of chemical 852 

species.  As a consequence of decreased SWDOWN and NO2 photolysis rates, the surface 853 

mixing ratios of NO2 increase by up to 3 ppb (67.2%) with a global mean of 0.029 ppb (8.5%), 854 

and the surface mixing ratios of OH and HO2 radicals reduce by up to 0.07 (-72.6%) and 7.1 ppt 855 

(-64.2%) with a global mean reduction of 4.8 × 10
-3

 (-13.9%) and 0.42 (-9.4%) ppt (Figures not 856 

shown), which in turn leads to a decrease in surface O3 mixing ratios by up to 23 ppb (-45.6%) 857 

with a global mean reduction of 0.9 ppb (-5.6%).   PM2.5 also affects slowly-reacting or non-858 

reactive species such as CO and NH3 by affecting atmospheric stability and total oxidation 859 

capacity.  As shown in Figures 8 and 9, the surface mixing ratios of CO increase by up to 257.4 860 

ppb (12.6%) with a global mean increase of 2 ppb (1.8%) over most areas as a result of 861 

decreased OH, reduced WS10, and reduced PBL height.  The changes in the mixing ratio of NH3 862 

can occur in either direction.  For example, it decreases in eastern Asia and Europe where a large 863 

amount of NH4
+
 forms, driving NH3 from the gas-phase to the particulate phase, which 864 
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dominates over the increase in NH3 mixing ratio caused by a reduced PBL height.  The mixing 865 

ratio of NH3 increases in northern Africa where the effect of a reduced PBL height dominates 866 

over that due to the formation of a small amount of (NH4)2SO4.  867 

In July, the variation trends for the above variables and concentrations are overall similar 868 

to those in January, although they differ in their spatial distributions and magnitudes due to a 869 

different spatial distribution of PM2.5 in July.  Larger reductions occur in SWDOWN by up to 870 

111.5 W m
-2

 (-45.0%), photolysis of NO2 by up to 1.5×10
-3

 s
-1 

(-52.3%), T2 by up to -1.4 °C (     871 

-546.6%), WS10 by up to 1.0 m s
-1 

(-19.5%), PBL height by up to 218.6 m
 
(-36.9%), and Precip 872 

by up to -6.8 mm day
-1 

(-82.0%), with global means of -22.1 W m
-2

 (-10.8%), -2.4 ×10
-4

 s
-1 

(         873 

-11.6%), -0.09 °C (-1.1%), -0.016 m s
-1

 (-0.4%), -14.6 m (-2.2%), and -0.1 mm day
-1

 (-4.6%), 874 

respectively.   Similar to January, the decreases in temperatures occur in the low portion of the 875 

atmosphere but temperatures either increase slightly or remain unchanged at higher altitudes (< 876 

800 mb) over all major continents except for Asia where the reduction in temperatures occurs up 877 

to 100 mb (see Figure 10). Similarly, the increases in RH2, AOD, COT, and column CCN are 878 

larger in July than in January. Although CF is higher in July than in January, the increase in the 879 

column CDNC in July is slightly smaller, because WRF/Chem v3.0 does not treat the activation 880 

of particles by convective clouds that often occurs in July.  The increase in NO2 mixing ratios is 881 

smaller in July than in January, because of the losses of NO2 with higher destruction rates of NO2 882 

for all chemical reactions other than the NO2 photolytic reaction that offset some of the gain 883 

through the reduced NO2 photolysis rate and PBL height under summer conditions.   The 884 

decrease in the surface mixing ratios of O3 is also smaller, by up to 7.4 ppb (-18.5%) with a 885 

global mean reduction of 0.5 ppb (-3.2%), due to a smaller reduction in the surface mixing ratios 886 

of OH and HO2 radicals (by up to 0.05 and 4.0 ppt with a global mean reduction of 3.6 × 10
-3

 (-887 
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10.1%) and 0.44 (-8.0%) ppt, respectively). Despite larger decreases in WS10 and PBL height in 888 

July than in January, the increase in the surface mixing ratios of CO is also smaller in July 889 

because of a smaller decrease in the surface mixing ratios of OH under summer conditions.  As 890 

for the January case, the changes in the surface mixing ratio of NH3 can occur in either direction 891 

in July, although the magnitudes of the changes are smaller, because of a stronger compensation 892 

effect of reduced PBL height that tends to increase NH3 and aerosol thermodynamics that tends 893 

to decrease NH3.     894 

 The use of a finer horizontal grid resolution captures additional spatial variability.  This is 895 

demonstrated in Figure 11, which compares spatial distributions of PM2.5 effects on simulated 896 

RH2, WS10, COT, Precip, and the mixing ratios of NH3 over D04, D03, and D05 in July.  897 

Compared with results at a grid resolution of 4˚ × 5˚ (seeFigure 8), the use of a grid resolution of 898 

0.33˚ × 0.42˚ gives higher increases in RH2 in central China, opposite changes in WS10 899 

(increases rather than decreases) in southwestern China, higher increases in COT and larger 900 

decreases in Precip in southern China but smaller increases in COT and smaller decreases in 901 

Precip in southwestern China, and larger decreases in NH3 mixing ratios in central China.  902 

Compared with results over the eastern U.S. at a grid resolution of 0.33˚ × 0.42˚ (D03) shown in 903 

Figure 11, the use of a grid resolution of 0.08˚ × 0.10˚ (D05) shows somewhat different areas 904 

with higher increases in RH2 in some states (e.g., Ohio), larger areas of decreases in WS10 in 905 

South Carolina and North Carolina, greater increases in COT in South Carolina and southeastern 906 

West Virginia, greater reductions in Precip along the Blue Ridge Mountains, and greater 907 

reductions in NH3 mixing ratios in the state of West Virginia and along the Blue Ridge 908 

Mountains. 909 

 910 

http://en.wikipedia.org/wiki/Blue_Ridge_Mountains
http://en.wikipedia.org/wiki/Blue_Ridge_Mountains
http://en.wikipedia.org/wiki/Blue_Ridge_Mountains
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4. Sensitivity studies 911 

Figure 12 shows spatial distributions of simulated surface PM number concentrations 912 

from the baseline simulation (with the binary homogeneous nucleation algorithm of McMurry 913 

and Friedlander (1979)) and sensitivity simulations using alternative nucleation (SI06 and YU10) 914 

and aerosol activation (FN05) parameterizations.  Figure 13 shows the vertical distributions of 915 

simulated PM number concentrations, CCN at S of 0.5%, and CDNC from these simulations.  916 

Simulated surface PM number concentrations are very sensitive to nucleation parameterizations.  917 

The simulation with SI06 gives high surface PM number concentrations with a global mean of 918 

6.63×10
3
 cm

-3
 at the surface (which is a factor of 4.8 higher than the global mean of 1.39 ×10

3
 919 

cm
-3

 from the baseline simulation) and throughout the vertical domain.  Since SI06 is derived 920 

based on observations at a rural region with large areas of forested land at a 73-m high tower 921 

during springtime when nucleation events frequently occur and the empirical prefactor of SI06 922 

does not vary with temperature (as well as other factors known to affect nucleation), it tends to 923 

give higher nucleation rates and PM number concentrations under other cleaner conditions in 924 

other regions.  The simulation with YU10 gives surface PM number concentrations with a global 925 

mean of 1.28 ×10
3
 cm

-3
 that is 7.7% lower than the baseline value at the surface but higher PM 926 

number concentrations above 650 mb, likely as a result of different nucleation rates predicted by 927 

two different nucleation models (associated with different underlying physics and 928 

thermodynamic data of the two nucleation models).  Differences in aerosol mass and number 929 

concentrations further lead to sizeable differences in simulated CCN and CDNC due to the 930 

feedback mechanisms among H2SO4 vapor, PM2.5 number, CCN, and CDNC through gas-phase 931 

chemistry, new particle formation, aerosol growth, and aerosol activation by cloud droplets.   932 
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As shown in Figure 13, the simulation with FN05 gives slightly higher PM number 933 

concentrations with a global mean of 1.45 ×10
3
 cm

-3
 (which is higher by 4.1% than the baseline 934 

value) at the surface and in the vertical domain, indicating a small sensitivity of PM number 935 

concentrations to the aerosol activation scheme.   The simulated CCN concentrations at S of 936 

0.5% correlate well with the simulated PM number concentrations, i.e., the simulation with SI06 937 

gives the highest CCN throughout the atmosphere among all simulations, the simulation with 938 

YU10 gives lower CCN below 850 mb but higher CCN above 850 mb than the baseline 939 

simulation, and the simulation with FN05 gives a vertical distribution of CCN that is similar to 940 

the baseline simulation but slightly higher in magnitude.  In contrast to the simulated PM number 941 

and CCN concentrations that are more sensitive to nucleation parameterizations, simulated 942 

CDNC is much more sensitive to the aerosol activation parameterization.  Among the four 943 

simulations, the simulation with FN05 gives the highest CDNC between 1000-600 mb (i.e., 944 

mostly warm clouds), followed by the simulation with SI06, the baseline simulation, and the 945 

simulation with YU10.  CDNC in WRF/Chem is a strong function of CCN.  The CCN spectrum 946 

is determined as a function of PM number concentrations using the Kőhler theory, following the 947 

aerosol activation/resuspension parameterization of Abdul-Razzak and Ghan (2002) used in the 948 

baseline simulation and that of Fountoukis and Nenes (2005) used in the simulation with FN05.  949 

Under certain circumstances, the kinetic effect considered in FN05 may slow the growth of CCN 950 

(compared to the equilibrium approach of ARG02) and increase the number of CDNC, since Smax 951 

increases As S increases, the differences between the two parameterizations become smaller 952 

because more and more aerosol activates and CDNC becomes insensitive to Smax errors ( (Figures 953 

not shown).  The higher CDNC predicted by FN05 in Figure 13 is primarily due to the different 954 

values of the uptake coefficient used in FN05 (0.06) and ARG02 (1.0).  Several other differences 955 
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in the treatments between FN05 and ARG02 may also be responsible for differences in the 956 

predictions.  For example, ARG02 neglects size-dependence of the water vapor diffusivity 957 

coefficient which may lead to an underestimate of CDNC.  As a result, FN05 gives higher 958 

activation fractions than ARG02 for a given temperature, pressure, updraft velocity, and CCN 959 

spectrum, leading to higher CDNC.  These results are consistent with the comparison between 960 

the older versions of the ARG02 and FN05 modules (e.g., Ghan et al., 2011).  Since CCN 961 

depends primarily on PM number concentrations and CDNC depends strongly on CCN, the 962 

simulation with SI06 gives higher CDNC than the simulation with YU10 and the baseline 963 

simulation because of higher PM number and CCN, when the same aerosol activation 964 

parameterization of ARG02 is used for these three simulations.   965 

Figure 14 shows simulated zonal-mean total PM mass and number concentrations and 966 

several radiative properties including AOD, OLR, outgoing shortwave radiation (OSR), 967 

SWDOWN, and several cloud properties including CF, COT, CWP, CCN at a supersaturation of 968 

0.5%, CDNC, and cloud effective radius (CER).  Available observations of AOD, OLR, CF, 969 

COD, and CCN from MODIS and CDNC from Bennartz (2007) are also plotted for comparison.  970 

All simulations overpredict AOD, with the best agreement by the simulation with FN05 in the 971 

northern hemisphere.  All simulations reproduce the observed OLR zonal mean profile 972 

reasonably well with similar overpredictions in the tropics; they give very similar zonal profiles 973 

of OSR and SWDOWN.   All simulations significantly underpredict COT and CDNC in all 974 

latitude bands and CF except for the regions between 60-90º where overprediction occurs.  All 975 

simulations overpredict CCN at S of 0.5%.   While OLR, OSR, SWDOWN, and CF are 976 

relatively insensitive to nucleation and aerosol activation parameterizations, other variables 977 

exhibit moderate to high sensitivity to these parameterizations.  The simulation with SI06 gives 978 
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the lowest zonal mean PM10 mass and the highest PM10 number and CCN concentrations.  The 979 

simulation with FN05 gives similar zonal mean profile of PM10 mass concentrations as the other 980 

two simulations but lower PM10 number concentrations at higher latitudes.  It also gives lower 981 

AOD and CWP and much higher CER over most latitude bands, higher COT between 60-90º, 982 

and higher CDNC between 45-90º than all other three simulations. Higher CDNC would result in 983 

a higher cloud reflectivity, and consequently higher COTs.  Lower CDNC between -50 and 45º 984 

and higher CDNC between 45-90º by the simulation with FN05 lead to higher and lower CER 985 

for clouds below 600 mb in these latitude bands, respectively.   986 

5. Conclusions and Future Work 987 

A global-through-urban WRF/Chem model with online-coupled meteorology and 988 

chemistry and consistent model treatments at all scales has been developed to provide a unified 989 

model framework to simulate the chemistry-aerosol-cloud-radiation-precipitation-climate 990 

feedbacks across scales. Despite moderate to large model biases in some simulated 991 

meteorological and chemical variables, GU-WRF/Chem demonstrates promising capability in 992 

reproducing observations of many variables that are comparable or even better than the 993 

mesoscale models such as WRF/Chem and MM5/CMAQ.    The main reasons for model biases 994 

in meteorological predictions are attributed to current model limitations in simulating cloud 995 

microphysics, in particular, convective clouds, and the PBL and land-surface processes, and the 996 

lack of some feedback mechanisms (e.g., no coupling between the Kain-Fritsch (II) scheme and 997 

radiation).  The main reasons for model biases in chemical predictions are attributed to 998 

inaccurate emissions of primary PM2.5 and secondary PM2.5 precursors and inaccurate 999 

meteorological predictions (e.g., overpredictions in SWDOWN and Precip in both months).  The 1000 

use of a coarse horizontal grid resolution may also be responsible for model biases for some 1001 
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variables, because clouds and other subgrid processes cannot be resolved and the emissions 1002 

cannot be well represented.  The use of higher resolutions in nested domains can generally 1003 

improve the model performance of the predictions of these variables (e.g., SWDOWN, T2, 1004 

WD10, RH2, O3, and PM2.5).   1005 

Aerosols can feed back to radiation, meteorology, and cloud microphysics at all scales.   1006 

Aerosols decrease the magnitudes of a number of variables.  These variables include shortwave 1007 

radiation, NO2 photolysis rate, near-surface temperature, WS10, PBL height and precipitation, 1008 

with  global mean decreases of 17.2-22.1 W m
-2

 (-9.9% to -8.7%), 2.2 × 10
-4

  to 2.4 ×10
-4

 s
-1 

(     1009 

-10.7% to -10.5%), 0.05-0.09 °C (-2% to -1.6%), 0.006 to 0.016 m s
-1

 (-0.4% to -0.2%), 5.9-14.6 1010 

m (-1.7% to -0.9%) and 0.002-0.1 mm day
-1

 (-5% to -1%), respectively.   Aerosols also reduce 1011 

LWDOWN by up to 5.8-8.8 W m
-2 

(-2.2% to -1.6%), although there is a net increase of 0.5-0.9 1012 

W m
-2

 (0.2-0.3%) in the global average value. Aerosols increase the magnitudes of several 1013 

variables. These variables include RH2, AOD, column CCN at S of 0.5%, COT, CDNC, with 1014 

global mean increases of 0.2-0.4% (0.3-0.6%), 0.17-0.25 (1759.5-2503.9%), 1.9 × 10
8
 to 2.0× 1015 

10
8
 cm

-2 
(488.3-546.8%), 1.6-1.65 (80.2-83.6%), and 6.0 × 10

5
 to 8.3 × 10

5
 cm

-2
 (317.7-476%), 1016 

respectively.  Such feedbacks also change the spatial distribution, abundance, and lifetimes of 1017 

reactive and non-reactive chemical species through changing radiation, atmospheric stability, 1018 

photolysis rates, chemical reaction rates, total oxidation capacity, and the rates of all 1019 

meteorological-dependent chemical and microphysical processes for O3 and PM formation.   The 1020 

use of a finer horizontal grid resolution captures spatial variability of aerosol feedbacks that 1021 

cannot be captured at a coarser grid resolution. Simulated aerosol, radiation, and cloud properties 1022 

exhibit small-to-high sensitivity to different nucleation and aerosol activation parameterizations. 1023 

Among all variables examined, PM mass and number concentrations, CCN, and Precip show a 1024 
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higher sensitivity to nucleation parameterizations, while AOD, COT, CDNC, LWP, and CER 1025 

show a higher sensitivity to activation parameterizations, and OLR, GLW, GSW, SWDOWN, 1026 

RSWTOA, and CF show a small sensitivity to nucleation and aerosol activation 1027 

parameterizations.  1028 

Several limitations exist for this study.  First, all simulations shown in this work use one-1029 

way nesting, and do not include the feedbacks of changes in the meteorological and chemical 1030 

fields at urban scales to larger scales which requires two-way nesting. Second, GU-WRF/Chem 1031 

does not treat all meteorology-chemistry feedbacks at present due primarily to the limitations in 1032 

the understanding of such feedback mechanisms (e.g., the aerosol activation by convective cloud 1033 

droplets and the effect of convection clouds on radiation are not included in WRF/Chem v3.0).  1034 

It will thus undergo continuous model development to become a more mature model. Third, one 1035 

caveat is that the advection scheme is inconsistent between the global and nested domains.  1036 

While the positive definition and monotonic advection scheme is used in the nested domain, this 1037 

scheme does not work for the global configuration because its formulation depends on the 1038 

requirement that Courant numbers should be less than 1, a condition which, cannot be met in the 1039 

atmosphere in the region of the poles (Skamarock, NCAR, personal communications, 2010).   At 1040 

present, there is no easy way to simulate positive-definite transport that is conservative on the 1041 

latitude-longitude grid in a finite-volume formulation.  Therefore, the 5
th

 order horizontal 1042 

momentum advection and the 3
rd

 order vertical momentum advection schemes are used for D01. 1043 

Finally, GU-WRF/Chem does not explicitly resolve stratospheric dynamics and only simulates a 1044 

limited number of chemical reactions.  As a result, the model exhibits some numerical 1045 

instabilities over polar regions and upper model layers, causing high concentrations of O3 and a 1046 

buildup of mass concentrations of nitrate in those regions and layers.  However, the use of the 1047 
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chemistry polar filter developed by NCAR in all the simulations in this work greatly reduced 1048 

numerical instability of O3 in polar regions.  A smaller time step for advection processes was 1049 

used to help converge the numerical solution, which reduced most nitrate buildup.   1050 

Nevertheless, GU-WRF/Chem represents one of the few unified global-through-urban 1051 

models with consistent model treatments (except for the advection scheme between D01 and 1052 

smaller domains) that can be applicable to simulate air quality and its interactions with 1053 

meteorology and climate across a wide range of the spatial scales, quantify such interactions, 1054 

study the relative importance of major atmospheric processes, and assess the effectiveness of O3 1055 

and PM attainment under different future climate and emission scenarios.  Similar to traditional 1056 

source apportionment that has been used to guide the development of emission control strategies, 1057 

an apportionment of aerosol feedbacks can provide valuable speciated feedbacks that can be used 1058 

to guide the development of the optimal emission control strategies for both air quality control 1059 

and adverse climate change mitigation.   1060 
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Figure 11.  Simulated effects of PM2.5 on meteorological and chemical variables on urban and 1504 

regional scale in July 2001 obtained by taking differences between simulation results 1505 

with PM and without PM emissions and processes. The mixing ratios of NH3 shown 1506 

are at surface. 1507 

Figure 12.  Simulated total PM number concentrations (cm
-3

) at surface in July 2001 from 1508 

baseline and sensitivity simulations. 1509 
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Figure 13.  Simulated vertical total PM number concentrations, CCN at S=0.5%, and CDNC in 1510 

July 2001 from baseline and sensitivity simulations. 1511 

Figure 14. Simulated zonal-mean (averaged over all longitudes) total PM mass and number 1512 

concentrations, radiative and cloud properties in July 2001 from baseline and 1513 

sensitivity simulations CCN at S=0.5%, and CDNC in July 2001 from baseline and 1514 

sensitivity simulations. 1515 

 1516 

 1517 



Table 1. GU-WRF/Chem Configurations 
 

Simulation period January 1-31 and July 1-31, 2001 
Domain Global and nested regional/urban domains  
Horizontal resolution Global (D01) 4˚ × 5˚, 45 (latitude) × 72 (longitude) 

Trans-Pacific (D02): 1.0˚ × 1.25˚, 44 × 192  
North America (D03): 0.33˚ × 0.42˚, 84× 168  
East Asia (D04): 99× 177  
Eastern U.S. (D05): 0.08˚ × 0.10˚, 136× 144 

Vertical resolution 27 layers from 1000 - 50 mb, with 17 layers in PBL (< 2.6 
km)  

Meteorological IC and BC The National Centers for Environmental Predictions Final 
Analysis  (NCEP-FNL) reanalysis data; re-initialization 
every 4 days 

Shortwave radiation Goddard shortwave radiation scheme (Chou et al., 1998) 
Longwave radiation The rapid radiative transfer model (RRTM) (Mlawer et al., 

1997) 
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; Janjic, 2002) 
PBL Yonsei University Scheme (YSU) (Hong et al., 2006) 
Cumulus Kain-Fritsch (KF) II (Kain and Fritsch, 1990; Kain and 

Fritsch, 1993; Kain, 2004) 
Microphysics Purdue Lin (Lin et al., 1983; Chen and Sun, 2002) 
Aerosol activation Abdul-Razzak and Ghan (A-R & G) (Abdul-Razzak and 

Ghan, 2002) 
Gas-phase chemistry CB05_GE (Karamchandani et al., 2012) (Baseline) 
Photolysis F-TUV (Tie et al., 2003) 
Aerosol module Model of Aerosol, Dynamics, Reaction, Ionization, and 

Dissolution (MADRID) (Zhang et al., 2004, 2010b) 
(Baseline) 
Model for Simulating Aerosol Interactions and Chemistry  

Aqueous-phase chemistry Carnegie Mellon University (CMU) mechanism of Fahey 
and Pandis (2001) 

Chemical initial conditions O3, N2O, and CH4 from CCSM and the other moderately 
long-lived species are from GEOS-CHEM (GEOS-Chem v7-
04-12 run0). The short-lived radicals are set to be clean 
conditions and aerosols are based on the default ICs from 
regional WRF/Chem.  

Chemical boundary conditions BCs for D02-D05 are from their respective parent domains   
Anthropogenic/natural emissions See Table 2 

 
 



Table 2.  Sources of emission inventories used for global and regional domains. 

Species Sources Spatial  (Temporal) 
Resolution 

Year Available Domain 

KET1, TERP MOZART4 1° × 1° (monthly) 2000 Global 
CH4, N2O, H2 CAM4 ~2.8° × ~2.8° (T42LR) 

(monthly) 
2000 Global 

CH3Cl, ClNO2, HCl  RCEI 1° × 1° (Annual) 1990 Global 
CFC-11, CFC-12, 
CF2CLBR, CF3BR 

IPCC 1° × 1° (Annual) 2000 Global 

CO2, CRES, AACD, 
FMCL, HC3, HC5, and 
HC8 

RETRO 
 

0.5° × 0.5° (monthly) 
 

2000 
 

Global 
 

Hg(0), Hg(II) (gas+PM), 
HgP 

AER, Inc. (Lohman et 
al., 2008) 

1° × 1° (Annual) 1998/
1999 

Global 

SO2, NO, CO, EC, OM MOZART4 
U.S. EPA NEI99v3 
2006 Asian Emissions 

1° × 1° (monthly),  
36 km ×36 km (hourly) 
36 km ×36 km (hourly) 

2000 
2001 
2006 

Global 
North America 
East Asia 

NO2 U.S. EPA NEI99v3 
2006 Asian Emissions 

36 km ×36 km (hourly) 
36 km ×36 km (hourly) 

2001 
2006 

North America 
East Asia 

NH3
2 MOZART4/ CAM4 

 
U.S. EPA NEI99v3 
2006 Asian Emissions 

1° × 1° /~2.8° × ~2.8° 
(monthly),  
36 km ×36 km (hourly) 
36 km ×36 km (hourly) 

2000 
2001 
2006 

Global 
 
North America 
East Asia 

ALD2, FORM, ETHA, 
ETH, IOLE, OLE, ISOP, 
MEOH, ETOH 

CAM4 
U.S. EPA NEI99v3 
2006 Asian Emissions 

1° × 1° (T42LR) (monthly) 
36 km ×36 km (hourly) 
36 km ×36 km (hourly) 

2000 
2001 
2006 

Global 
North America 
East Asia 

XYL, TOL RETRO 
U.S. EPA NEI99v3 
2006 Asian Emissions 

0.5° × 0.5° (monthly),  
36 km ×36 km (hourly) 
36 km ×36 km (hourly) 

2000 
2001 
2006 

Global 
North America 
East Asia 

PARA3 CAM4 + RETRO 
 
 
 
U.S. EPA NEI99v3 
2006 Asian Emissions 

~2.8° × ~2.8° for CAM4 
(monthly) 
0.5° × 0.5° for RETRO 
(monthly) 
36 km ×36 km (hourly) 
36 km ×36 km (hourly) 

2000 
 
2000 
 
2001 
2006 

Global 
 
 
 
North America 
East Asia 

Other inorganic primary 
PM2.5  

RETRO (Fire 
emissions) 
U.S. EPA NEI99v3 
2006 Asian Emissions 

1° × 1° (monthly) 
 
36 km ×36 km (hourly) 
36 km ×36 km (hourly) 

2000 
 
2001 
2006 

Global 
 
North America 
East Asia 

Primary SO4
2-, Primary 

NO3
-, Other inorganic 

primary PM10-2.5,  

U.S. EPA NEI99v3 
2006 Asian Emissions 

36 km ×36 km (hourly) 
36 km ×36 km (hourly) 

2001 
2006 

North America 
East Asia 

Biogenic VOCs Modified Guenther 
based on Guenther, 
1993 

Online module N/A Global 

Mineral dust Modified Shaw et al. 
(2008) 

Online module N/A Global 

Sea salt Gong et al. (1997) and 
O’Dowd et al. (1997) 

Online module N/A Global 

MOZART 4- the Model for Ozone and Related chemical Tracers, version 4; CAM4 - the Community Atmospheric 
Model version 4; RETRO - the REanalysis of the TROpospheric chemical composition; RCEI - Reactive Chlorine 
Emissions Inventory, http://www.geiacenter.org/rcei/; IPCC - the Intergovernmental Panel on Climate Change;  
1. KET = CH3COCH3 (MOZART4) + MEK (MOZART4-bb, anthro) + MEK (CAM4-biofuel) 
2. NH3 = NH3 (MOZART4: anthro, bb, biogenic, ocean) + NH3 (CAM4: soil, animals) 
3. PARA is calculated as 0.4×ALD2 (CAM4) +2.9×HC3(RETRO) +4.8×HC5 (RETRO) +7.9×HC8  
   (RETRO)+2.8×IOLE (CAM4)+1.8×OLE (CAM4)+AACD (RETRO) 

 



Table 3. 2001 January and July Monthly Mean Normalized Mean Bias (NMB) in % of meteorological/radiative variables. 

Variable1 Dataset Global (D01) Trans Pacific (D02) CONUS (D03) East Asia (D04) E. US (D05) 

  
GU-
WRF/Chem  

GU-
WRF/Chem 

MM5/ 
CMAQ3 

GU-
WRF/Chem 

MM5/ 
CMAQ6 Meso-

WRF/Chem4 

Meso-
WRF/Chem-
MADRID5 GU-WRF/Chem  

GU-
WRF/Chem 

LWDOWN (W m-2) BSRN 0.4/-0.82 -3.0/-3.2 -2.2/-3.1  ---- ---- 

OLR (W m-2) NOAA-CDC 6.0/2.3 4.0/1.1 ---- 4.7/2.1 ---- ---- ----/-2.6 4.8/1.6 6.3/1.8 

SWDOWN (W m-2) BSRN 16.1/13.7 25.5/12.6 27.0/15.9  ---- ---- 

CASTNET 34/26.4 37.2/21.0 ---- 41.4/19.1 ---- ---- ----/22.7  52/21.5 

SEARCH 42.3/33.2 38.9/32.1 ---- 35.1/31.1 ---- ---- ----/17.3 ---- 48.3/19.7 

Cloud Fraction  MODIS -16.1/-10.3 -21.6/-18.5 ---- -30.2/-32.6  ---- ---- ----/-5.6 -35.5/-18.7 -39.4/-26.8 

Column CCN (Ocean) 
2

MODIS -18.5/-8.7 38.7/20.1 ---- 91.1/58.0  ---- ---- ----/178.7 -1.1/55.8 128.2/82.3 

CDNC (cm-3) BE097 -47.1/-41.2 -45.9/-53.0 ---- -66.5/-68.8  ---- ---- ----/-47.4 -52.0/-31.3 -72.1/-60.7 

COT MODIS -77.2/-75.5 -74.6/-71.5 ---- -81.9/-84.6 ---- ---- ----/-76.4 -73.4/-70.3 -85.1/-80.6 

CWP (g m-2) MODIS -80.2/-77.9 -78.1/-75.1 ---- -84.2/-85.6 ---- ---- ----/-67.4 -77.3/-74.5 -86.2/-81.6 

PWV (cm) MODIS -2.5/-5.7 -1.8/-9.2 ---- 1.8/-12.3 ---- ---- ----/-11.5 -4.4/-8.6 18.7/-8.4 

AOD  MODIS 69.7/97.9 3.1/51.9 -37.9/-47.5 -12.2/56.5  -32.0/-34.8 -64.6/3.7 ----/5.0 -16.3/76.3 -15.6/96.3 

Precip  
(mm day-1) 

GPCP -4.5/2.3 5.1/-3.6 -13.7/43.3  62.6/5.4 -42.2/74.8 

CMAP 11.5/5.7 15.9/14.5 ---- 12.4/44.8 ----/41 ----/35 ----/55.6 21.5/23.5 13.0/63.1 

NCDC -9.4/9.3 18.8/22.0  64.4/98.2    15.1/13.0 92.3/115.0 

NADP ---- ---- -35.9/-41.0 ---- ---- 21.2/32.3 ----/54.0 ---- ---- 

T2 (°C) NCDC 37.3/0.5 737.2/-2.8  280.4/-3.2    71.0/-2.5 60.6/-0.7 

CASTNET -7.4/3.8 -6.1/3.8 -54.1/-0.9 -4.2/1.9 ---- -13.7/0.3 ----/2.9 ---- -2.2/3.8 

STN -7.7/-5.0 0.4/-4.7 -54.3/-10.0 6.4/-3.9 ---- 0.8/-6.1 ----/-3.8 ---- 1.5/-1.0 

SEARCH 7.2/-2.4  0.7/-1.9 -38.1/-9.9 6.1/0.0 ---- -3.1/1.5 ----/0.6 ---- 13.2/5.7 

RH2 (%) CASTNET 12.1/3.1 8.4/-1.1 27.5/0.0 5.3/-1.3 ---- 9.5/-0.5 ----/-5.2 ---- 5.5/-2.3 

SEARCH 1.0/-6.3 -1.8/-8.9 18.0/7.2 -5.0/-12.9 ---- -0.2/-10.5 ----/-14.9 ---- -5.5/-13.1 

Q2 NCDC 11.1/4.8 15.9/4.2  8.5/-0.9    14.0/3.7 8.5/2.4 

WS10 (m s-1) NCDC 58.9/30.3 60.2/25.6  32.7/7.6    92.7/58.3 21.3/1.5 

CASTNET 78.9/60.1 76.7/69.8 13.7/19.5 82.1/77.7 ---- 89.6/78.1 ----/98.4 ---- 71/96.7 

SEARCH 49.2/24.8 68.4/46.3 27.4/-0.2 63.8/51.8 ---- 40.5/33.1 ----/50.4 ---- 32.8/69.0 

WD10 (°) CASTNET 12.3/11.2 8.7/8.4 -6.9/-4.7 8.8/6.3 ---- 8.9/0.9 ----/5.9 ---- 8.7/2.9 

SEARCH -7.5/5.4 -3.2/2.2 6.0/-13.2 -0.5/4.5 ---- -1.3/2.9 ----/5.4 ---- 1.3/8.1 
1 T2 – Temperature at 2-m, Q2 – water mixing ratio at 2-m, RH2– relative humidity at 2-m, WS10-wind speed at 10-m, WD10-wind direction at 10-m, Precip-total daily 

precipitation, SWDOWN – downward shortwave, OLR-Outogoing longwave radiation, CF- Cloud Fraction, CCN –cloud condensation nuclei, CDNC – cloud droplet 
number concentration, COT- cloud optional depth, LWP - cloud liquid water path, PWV - precipitable water vapor, ---- - No observational data are available 

2 Read 0.4/-0.8 as NMB 0.4% for Jan 2001 and NMB -0.8% for July 2001. 
3 All statistics are taken from Wang et al. (2009) 
4 All statistics are taken from Zhang et al. (2009a). 
5 All statistics are taken from Zhang et al. (2010) using WRF/Chem version 2.2. 
6 All statistics are taken from Zhang et al. (2012a) using WRF/Chem-CB05-MADRID version 3.0. 
7 The observed CDNC values are taken from Bennartz (2009) (BE09). 



Table 4. 2001 January and July Monthly Mean Normalized Mean Bias (NMB) in % of chemical variables. 
Variable Dataset Global (D01) Trans Pacific (D02) CONUS (D03) East Asia (D04) E. US (D05) 

  GU-
WRF/Chem  

GU-
WRF/Chem 

MM5/ 
CMAQ1 

GU-
WRF/Chem 

MM5/ 
CMAQ3 

Meso-WRF 
/Chem2 

Meso WRF/Chem 
-MADRID4 GU-WRF/Chem  GU-WRF/Chem 

CO SEARCH -10.8/-4.3 -3.8/1.5 ---- 8.8/11.5 ---- ---- ----/0.1 ---- 7.6/-2.0 
SO2 SEARCH -66.1/-45.9 -62.2/-37.4 ---- -52.4/-15.8 ---- ---- ----/64.4 ---- -47.1/-8.2 
NO SEARCH -95.0/-98.0 -93.0/-96.8 ---- -87.3/-94.0 ---- ---- ----/-91.2 ---- -88.3/-95.3 
NO2 SEARCH -76.7/-76.9 -64.5/-59.9 ---- -45.3/-17.0 ---- ---- ----/-12.7 ---- -45.9/-8.4 
HNO3 SEARCH -23.1/-44.3 -14.7/-36.2 ---- -17.2/-22.5 ---- ---- ----/87.6 ---- -49/-49.5 
Max 1-hr O3  CASTNET -31.4/-16.8 -29.3/-17.5 -22.6/-12.1 -26.2/-16.3 -21.4/-13.3 -22.6/9.7 ----/2.8 ---- -27.1/-3.8 

AIRS-AQS     -13.8/-17.8 -10.2/-16.7 3.2/-0.7 -10.6/-10.5 -6.2/-10.5 -13.2/12.8 ----/4.3 ---- -13.8/1.1 

SEARCH -1.1/-14.3 -7.0/-14.1 -12.2/4.3 -10.8/-7.7    3.3/10.25  -10.8/21.8 ----/23.9 ---- 2.8/-12.8 

Max 8-hr O3  CASTNET -30.0/-10.3 -28.0/-11.8 -16.1/-4.2 -24.9/-12.4 -14.8/ -5.5 -22.5/14.5 ----/7.0 ---- -25.4/0.2 

AIRS-AQS     -5.8/-8.9 -3.6/-8.2   11.3/6.2 -4.5/-4.3   2.6/-0.4 -10.8/18.1 ----/9.8 ---- -10.6/5.8 

SEARCH 5.8/-3.5 -1.9/-3.8 -5.7/19.0 -6.8/0.4   6.4/15.95 -9.8/30.5 ----/33.3 ---- 9.5/-4.9 

24-hr avg. 
PM2.5  

IMPROVE 138.3/44.6 70.8/27.7 155.8/27.0 45.5/18.2  29.7/-9.15 32.2/8.5 ----/5.5 ---- 38.3/6.0 

STN -29.1/13.8 -36.7/7.4 22.3/21.7 -27.6/7.9 1.3/-1.45 -6.7/21.5 ----/-2.2 ---- -7.1/5.8 

SEARCH -0.9/8.7 -8.6/10.3 23.5/32.9 0.8/8.5 24.9/41.05 23.7/33.1 ----/7.9 ---- 4.5/2.2 

PM10 Number6 YL09 85.2 110.8 ---- 99.9 ---- ---- ---- ---- ---- 

24-hr avg. NH4
+ CASTNET -28.3/-22.5 -34.8/-14.8 17.8/22.0 -39.1/-25.0 1.8/11.6 -64.4/84.4 ----/-13.0 ---- -31.4/-20.6 

IMPROVE 44.8/26.5 5.0/31.8 ---- -10.4/7.6 7.7/54.1 -53.6/147.0 ----/38.4 ---- -15.7/-7.7 

STN -80.7/-51.8 -79.1/-50.7 -8.9/30.1 -73.4/-50.8 -60.1/-5.6 -60.7/16.7 ----/-40.8 ---- -72.8/-19.2 

SEARCH -42.3/-51.5 -33.4/-21.8 ---- -25.2/-19.9 -10.4/14.55 -8.9/108.6 ----/31.2 ---- 4.7/-3.5 

24-hr avg. NO3
- CASTNET 28.3/282.7 -45.6/129.7 ---- -56.8/106.5 24.1/69.7 5.3/275.6 ----/125.6 ---- -59.6/121.4 

IMPROVE 82.8/367.3 -20.5/231.2 70.7/-63.6 -34.6/197.8 -39.4/-24.6 0.0/160.4 ----/159.9 ---- -41.9/89.7 

STN -41.9/3.3 -64.8/-22.0 6.0/-54.4 -69.4/-16.4 -58.1/-34.7 -46.2/42.9 ----/2.8 ---- -72.8/10.2 

SEARCH 58.6/604.5 -22.0/444.6 -35.5/432.4 -37.8/94.45 71.4/225.9 ----/127.4 ---- -35.0/127.8 

24-hr avg. 
SO4

2- 
CASTNET -45.5/-21.8 -35.5/-11.8 -48.4/41.9 -25.9/-21.2 -29.0/-3.0 -26.6/51.9 ----/-8.3 ---- -8.5/-22.9 

IMPROVE -37.7/-14.5 -42.4/-15.7 -2.9/42.0 -43.6/-23.5 -21.4/-8.7 6.1/34.0 ----/-5.9 ---- -13.9/-17.9 

STN -70.3/-25.5 -68.0/-26.6 -40.0/52.7 -62.5/-30.6 -52.4/-4.6 -58.7/12.7 ----/-20.2 ---- -42.9/-21.0 

SEARCH -29.0/-17.1 -22.6/-8.8 -13.5/-10.6 28.8/17.55 16.0/76.2 ----/43.6 ---- 7.9/-5.4 

24-hr avg. BC IMPROVE 50.1/68.4 46.6/58.5 81.6/37.2 31.3/44.9 15.5/1.5 58.5/68.1 ----/31.7 ---- 20.1/3.6 

SEARCH -50.5/-40.5 -46.5/-40.9 -32.9/-34.4 -49.6/-54.15 -7.0/-14.3 ----/-39.8 ---- -27.9/-45.1 

24-hr avg. OM IMPROVE 69.3/70.1 86.7/70.8 180.3/76.37 55.3/65.9 127.7/83.97 13.2/-37.1 ----21.3 ---- -0.3/43.4 

SEARCH -34.1/4.8 -22.8/13.5 -15.6/4.0 -39.2/-47.35,7 10.0/-49.4 ----/-36.1 ---- -15.7/2.2 

24-hr avg. TC STN -77.2/-37.3 -73.4/-40.2 -25.1/-31.1 -66.3/-36.5 ---- ---- ----/42.7 ---- -55.0/-18.2 

Col. CO8 MOPITT 10.0/20.1 9.9/31.1 -8.4/---- 4.8/32.5 -0.6/26.06 0.8/34.4 ----/-25.7 32.6/35.8 16.5/54.5 

Col. NO2  GOME -0.5/-22.2 9.7/-23.7 19.4/-28.3 -8.4/-30.6 21.9/-12.5 33.9/47.1 ----/5.1 33.0/-25.3 -23.9/-33.9 

Col. O3  TOMS-SBUV -9.9/-23.4 28.8/-46.9 8.9/-51.9 28.9/-53.2  26.3/-19.3 35.5/4.5 ----/-6.7 44.4/-52.2 67.2/-50.0 
1 All statistics are taken from Wang et al. (2009); 2 All statistics are taken from Zhang et al. (2010) using WRF/Chem version 2.2; 3All seasonal statistics are taken from Zhang et al. (2009) and all 
Jan. and Jul. statistics are calculated in this work based on the simulations of  Zhang et al. (2009a); 4 All statistics are taken from Zhang et al. (2012) using WRF/Chem-CB05-MADRID version 
3.0; 5 The seasonal-mean statistics is calculated for winter (December, January, and February) and summer (June, July, and August) in 2001; 6 The statistics is obtained by comparing the average 
of Jan. and Jul. results in the boundary layer (0-400 m above ground level) with observed annual mean summarized in Yu and Luo (2009) (YL09). No statistics are calculated for D04 and D05 
which contains only ≤ 2 data pairs,7The statistics is calculated for OC, 8 The statistics of column CO for summer is calculated based on the data in August.  No data are available for June and July 
2001. 
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