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Abstract

This study implemented first, second and glaciation aerosol indirect effects (AIE) on
resolved clouds in the two-way coupled WRF-CMAQ modeling system by including
parameterizations for both cloud drop and ice number concentrations on the basis of
CMAQ-predicted aerosol distributions and WRF meteorological conditions. The perfor-5

mance of the newly-developed WRF-CMAQ model, with alternate CAM and RRTMG
radiation schemes, was evaluated with the observations from the CERES satellite and
surface monitoring networks (AQS, IMPROVE, CASTNet, STN, and PRISM) over the
continental US (CONUS) (12 km resolution) and eastern Texas (4 km resolution) dur-
ing August and September of 2006. The results at the AQS surface sites show that10

in August, the normalized mean bias (NMB) values for PM2.5 over the eastern (EUS)
and western US (WUS) are 5.3 % (−0.1 %) and 0.4 % (−5.2 %) for WRF-CMAQ/CAM
(WRF-CMAQ/RRTMG), respectively. The evaluation of PM2.5 chemical composition
reveals that in August, WRF-CMAQ/CAM (WRF-CMAQ/RRTMG) consistently under-
estimated the observed SO2−

4 by −23.0 % (−27.7 %), −12.5 % (−18.9 %) and −7.9 %15

(−14.8 %) over the EUS at the CASTNet, IMPROVE and STN sites, respectively. Both
models (WRF-CMAQ/CAM, WRF-CMAQ/RRTMG) overestimated the observed mean
OC, EC and TC concentrations over the EUS in August at the IMPROVE sites. Both
models generally underestimated the cloud field (shortwave cloud forcing (SWCF))
over the CONUS in August due to the fact that the AIE on the subgrid convective20

clouds was not considered when the model simulations were run at the 12 km resolu-
tion. This is in agreement with the fact that both models captured SWCF and longwave
cloud forcing (LWCF) very well for the 4 km simulation over the eastern Texas when
all clouds were resolved by the finer domain. Both models generally overestimated the
observed precipitation by more than 40 % mainly because of significant overestimation25

in the southern part of the CONUS in August. The simulations of WRF-CMAQ/CAM
and WRF-CMAQ/RRTMG show dramatic improvements for SWCF, LWCF, cloud opti-
cal depth (COD), cloud fractions and precipitation over the ocean relative to those of
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WRF default cases in August. The model performance in September is similar to that in
August except for greater overestimation of PM2.5 due to the overestimations of SO2−

4 ,
NH+

4 , NO−
3 , and TC over the EUS, less underestimation of clouds (SWCF) over the land

areas due to about 10 % due to the lower SWCF values and less convective clouds in
September.5

1 Introduction

Atmospheric emissions resulting from consumption of fossil fuels by human activities
contribute to climate change and degrade air quality. Aerosol particles can influence the
Earth’s climate both directly by scattering and absorption of incoming solar radiation
and terrestrial outgoing radiation, and indirectly by affecting cloud radiative properties10

through their role as cloud condensation nuclei (CCN) and ice nuclei (IN) (Twomey,
1974, 1991; Charlson et al., 1992; Yu, 2000; Yu et al., 2000, 2001a, b, 2003, 2006;
Yu and Zhang, 2011; Lohmann and Feichter, 2005; Menon et al., 2002, 2008; IPCC,
2007; DeFelice et al., 1997; Chapman et al., 2009; Gustafson et al., 2007; Zhang et al.,
2010a, b, 2012; Tao et al., 2012; Hansen et al., 1997; Haywood and Boucher, 2000;15

Ramanathan et al., 2001; Rosenfeld et al., 2008; Saxena and Yu, 1998; Saxena et al.,
1997; Yu et al., 2006, 2012a, b). The so-called aerosol indirect effect (AIE) can be split
into the first, second, and glaciation indirect aerosol effects. For a given cloud liquid
water content, an increase in the cloud droplet number concentration implies a de-
crease in the effective radius, thus increasing the cloud albedo; this is known as the20

first AIE (or cloud albedo effect) and was first estimated by Twomey (1974). The sec-
ond AIE is based on the idea that decreasing the mean droplet size in the presence of
enhanced aerosols decreases the cloud precipitation efficiency, producing clouds with
a larger liquid water content and longer lifetime (cloud lifetime effect) and its recogni-
tion is commonly attributed to Albrecht (1989). The “glaciation AIE” is based on the idea25

that increases in IN because of enhanced aerosols (dust, organic carbon, black car-
bon and sulfate) result in more frequent glaciation of a super-cooled liquid water cloud
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due to the difference in vapor pressure over ice and water and increase in the amount
of precipitation via the ice phase, leading to decrease of cloud cover and the shorter
cloud lifetime (IPCC, 2007; Lohmann, 2002). The first and second AIEs have negative
radiative effect at the top of atmosphere (TOA), while the glaciation AIE has positive ef-
fect. As summarized by Lohmann and Feichter (2005) and IPCC (2007), other aerosol5

indirect effects may include the semi-direct effect, which refers to an evaporation of
cloud droplets caused by the absorption of solar radiation by soot, and the thermo-
dynamic effect which refers to a delay of the onset of freezing by the smaller cloud
droplets causing super-cooled clouds to extend to colder temperature (precipitation
suppression). The IPCC (2007) concludes that increasing concentrations of the long-10

lived greenhouse gases have led to a combined radiative forcing +2.63 [±0.26] Wm−2,
and the total direct aerosol radiative forcing is estimated to be −0.5 [±0.4] Wm−2, with
a medium-low level of scientific understanding, while the radiative forcing due to the
cloud albedo effect (also referred to as first indirect), is estimated to be −0.7 [−1.1,
+0.4] Wm−2, with a low level of scientific understanding. Clearly, the great uncertainty15

in the indirect aerosol forcing for the assessment of climate forcing by anthropogenic
aerosols must be reduced.

Numerous investigations provide observational evidence of the AIE. For example,
the presence of non-precipitating supercooled liquid water near cloud tops because
of the over-seeding from both smokes over Indonesia and urban pollution over Aus-20

tralia (Rosenfeld, 1999, 2000) has been identified. Rosenfeld et al. (2007) found that
on the basis of the analysis of more than 50 yr of observations at Mt. Hua near Xi’an
in China, the observed orographic precipitation decreased by 30–50 % during the hazy
conditions in the presence of high levels of aerosols and small CCN. On the basis
of the extensive ground-based and global A-Train (CALIPSO and MODIS) observa-25

tions during the past 10 yr, Li et al. (2011) found the strong climate effects of aerosols
on clouds and precipitation. Lin et al. (2006) found the evidence that high biomass
burning-derived aerosols were correlated with elevated cloud top heights, large anvils
and more rainfall on the basis of satellite observations over the Amazon basin. En-
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hanced rainfall in the coastal NW Atlantic region (Cerveny et al., 1998) and downwind
of Mexico city urban area (Jauregui et al., 1996) and paper mills (Eagen et al., 1974)
is attributed to the effects of giant CCN. However, it is impossible to evaluate the AIE
with observations directly because the AIE is traditionally estimated on the basis of
the difference of model results between the present day and pre-industrial times, and5

the observational records (satellite and other long-term records) are not long enough
to characterize conditions during the pre-industrial times (IPCC, 2007). However, the
satellite retrievals of various cloud parameters provide indirect means for evaluating
the model simulations. For example, the cloud droplet effective radii retrieved from the
satellite of the Advanced Very High Resolution Radiometer (AVHRR) (Han et al., 1994)10

have been used to evaluate the global model simulations (Rotstayn, 1999; Ghan et al.,
2001a, b, c; Ghan and Easter, 2006).

The chemistry-aerosol-cloud-radiation-climate interactions are complex and can
be nonlinear. To realistically simulate these interactions, a fully online-coupled
meteorology-air quality model is needed. Although there are a large number of on-15

line coupled global meteorology-air quality models with various degrees of coupling
(very limited prognostic gaseous and aerosol species and/or aerosol-cloud-radiation
process representation) to air quality (Granier and Brasseur, 1991; Rasch et al., 2000;
Taylor and Penner, 1994; Jacobson, 1994, 2006), even fewer coupled meteorology-air
quality models at urban and regional scale exist due to the fact that mesoscale me-20

teorology models and air quality models were developed separately. The history and
current status of the development and application of online-coupled meteorology and
air quality models have been reviewed by Zhang (2008). As summarized by Pleim
et al. (2008), there are three approaches to couple meteorology and air quality models.
The first approach is to simply add atmospheric chemistry to the existing meteorology25

models such as MM5/Chem (Grell et al., 2000) and WRF/Chem (Grell et al., 2005). The
second approach is to integrate meteorology and atmospheric chemistry from the be-
ginning such as GATOR-GCMOM model (Jacobson, 2001a, b). The third approach is to
combine existing meteorology and air quality models into a single executable program
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with 2-way meteorological and chemical data exchange such as the two-way coupled
WRF-CMAQ model (Wong et al., 2012). Each approach has its own advantages and
disadvantages. For example, the advantage of the third approach is to allow using the
existing computational and numerical techniques in each model (meteorology and air
quality) and leverage future development in each model by maintaining equivalent one-5

way capability. The two-way coupled WRF-CMAQ model is developed with the third
approach by integrating WRF and CMAQ models into a single executable program in
which CMAQ can be executed as a stand-alone model or part of the coupled system
without any code changes (Wong et al., 2012). The WRF-CMAQ model is a commu-
nity online-coupled model which is publicly available and allows contributions from the10

community.
In this work, we implement the indirect effects of aerosols on the microphysical and

radiative properties of clouds (including first, second and glaciation indirect aerosol
forcing) in the two-way coupled WRF-CMAQ. The cloud droplet number concentrations
were calculated from the CMAQ-predicted aerosol particles using a parameterization15

based on a maximum supersaturation determined from a Gaussian spectrum of updraft
velocities and the internally mixed aerosol properties within each mode (Abdul-Razzak
and Ghan, 2002). The cloud condensation nuclei (CCN) concentrations at six super-
saturations (0.02 %, 0.05 %, 0.1 %, 0.2 %, 0.5 %, 1.0 %) are estimated. The cloud ice
number concentrations for the CMAQ-predicted sulfate, black carbon and dust were20

estimated with an ice nucleation scheme in the NCAR Community Atmospheric Model
(CAM) (Liu et al., 2007). The resulting cloud drop and ice number concentrations are
added to the Morrison cloud microphysics scheme (Morrison et al., 2009, 2005) and
this allows us to estimate aerosol effects on cloud and ice optical depth and micro-
physical process rates for indirect aerosol radiative forcing (including first, second and25

glaciations indirect aerosol forcing) by tying a two-moment treatment of cloud water
(mass and number) and cloud ice (mass and number) to precipitation (the Morrison
et al., 2-moment cloud microphysics scheme, Morrison et al., 2009, 2005) and two
radiation schemes (the Rapid Radiative Transfer Model for GCMs (RRTMG) (Iacono
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et al., 2008) and CAM, Collins et al., 2004) in the WRF model. The RRTMG and CAM
radiation schemes are used because these two schemes are used in many studies.
The simulations with the newly-developed WRF3.3-CMAQ5.0 model are carried out at
a 4 km resolution model grid over east Texas (Fig. 1a) and a 12 km resolution model
grid over the continental US (Fig. 1b) for the summer of 2006. The model performance5

for cloud properties (e.g., cloud optical depth (COD), cloud fractions), shortwave cloud
forcing (SWCF), longwave cloud forcing (LWCF) and PM2.5, its chemical composition
and precursors is examined with satellite observation data (CERES) and the surface
monitoring networks (AIRNOW, IMPROVE, CASTNet, STN, PRISM) during August and
September of 2006.10

2 Model description and simulation design

2.1 Two-way coupled WRF-CMAQ

The two-way coupled WRF-CMAQ modeling system (Pleim et al., 2008; Mathur et al.,
2010; Wong et al., 2012) was developed by linking the Weather Research and Fore-
casting (WRF) model (Skamarock et al., 2008) and Community Multiscale Air Quality15

(CMAQ) model (Eder and Yu, 2006; Mathur et al., 2008; Eder et al., 2010, 2009).
A brief summary relevant to the present study is presented here. In this system, radia-
tive effects of aerosols and the cloud droplets diagnosed from the activation of CMAQ-
predicted aerosol particles interact with the WRF radiation calculations, resulting in
a “2-way” coupling between atmospheric dynamic and chemical modeling components20

(Pleim et al., 2008; Mathur et al., 2010). Figure 2 shows a schematic coupling for the
WRF and CMAQ modeling system which includes three components: WRF, CMAQ
and a coupler. In the coupled system, CMAQ is added as a subroutine in WRF and can
be executed as a stand-alone model or part of the coupled system without any code
changes. The coupler serves as an inter-model translator by transferring meteorologi-25

cal data from WRF to CMAQ and CMAQ-predicted aerosol data from CMAQ to WRF in
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memory. In the coupler, a subroutine called AQPREP prepares virtual meteorological
files in forms compatible for CMAQ to use directly without writing the physical files, and
another subroutine FEEDBACK, which is called within the aerosol module in CMAQ, is
used to compute aerosol properties and transfer the related aerosol data from CMAQ
to WRF for direct and indirect aerosol forcing calculations. The call frequency is a user5

defined environmental variable as a ratio of the WRF to CMAQ time steps and is used
in the coupled system to determine how many times WRF is called for each CMAQ call.
WRF integrates at a very fine time step while the minimum synchronization time step
in CMAQ is determined by the horizontal wind speed Courant condition in model layers
lower than ∼700 hPa; the coupling frequency is flexible and can be specified by the10

user. This is a mechanism to balance computational performance while allowing the
user to couple the models as tightly as needed. The preliminary results of the two-way
coupled WRF-CMAQ model with direct aerosol effect only for a ten-day simulation of
a wildfire event in California during 20–29 June 2008, showed that the coupled model
can improve the accuracy of both meteorology and air quality simulations for these15

cases with high aerosol loading when the direct aerosol effect is included (Wong et al.,
2012). In this work, the AIE in the two-way coupled WRF-CMAQ model is implemented
by adding a subroutine called CMAQ-mixactivate which calculates both cloud droplet
and ice number concentrations on the basis of the CMAQ-predicted aerosol particles
and the WRF meteorological conditions (see Figs. 2 and 3) and will be described in20

detail below. Like CMAQ, the subroutine CMAQ_mixactivate is added as a subroutine
in WRF and is called just after CMAQ is called in order to use the results of CMAQ
simulations.

Table 1 summarizes the model configurations and components used in this study.
The physics package of the WRF (ARW) includes the Kain–Fritsch (KF2) cumulus25

cloud parameterization (Kain and Fritsch, 1990, 1993; Kain, 2004), Asymmetric Con-
vective Model (ACM2) planetary boundary layer (PBL) scheme (Pleim, 2007a, b),
RRTMG (Iacono et al., 2008) and CAM (Collins et al., 2004) shortwave and long-
wave radiation schemes, Morrison et al., 2-moment cloud microphysics (Morrison
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et al., 2009, 2005; Morrison and Pinto, 2006), and Pleim-Xiu (PX) land-surface scheme
(Pleim and Xiu, 1995, 2003; Xiu and Pleim, 2001). Note that the KF2 cumulus cloud
scheme was turned off for the model simulations at the 4 km resolution model grid. The
meteorological initial and lateral boundary conditions were derived from a combination
of North American Mesoscale (NAM) model analyses and forecasts at 3 h intervals5

developed by the National Center for Environmental Prediction (NCEP). The Carbon
Bond chemical mechanism (CB05) (Yarwood et al., 2005) has been used to represent
photochemical reaction pathways. Emissions are based on the 2005 National Emission
Inventory (NEI) (available at www.epa.gov/ttnchief1/net/2005inventory.html) and BEIS
v3.14 for year 2006. The mobile source emissions were generated by EPA’S MOBILE610

model.
The aerosol module in CMAQ is described by Binkowski and Roselle (2003) and

updates are described by Bhave et al. (2004), Yu et al. (2007a), Carlton et al. (2010),
Foley et al. (2010), and Appel et al. (2013). The size distribution of aerosols in tro-
pospheric air quality models can be represented by the sectional approach (Zhang15

et al., 2002, 2012), the moment approach (Yu et al., 2003), and the modal approach
(Binkowski and Roselle, 2003). In the aerosol module of CMAQ, the aerosol distribu-
tion is modeled as a superposition of three lognormal modes that correspond nomi-
nally to the ultrafine (diameter (Dp)< 0.1 µm), fine (0.1 µm<Dp< 2.5 µm), and coarse
(Dp> 2.5 µm) particle size ranges. Each lognormal mode is characterized by total num-20

ber concentration, geometric mean diameter and geometric standard deviation. Table 2
lists the aerosol species for each mode in the latest aerosol module AERO6 of CMAQ
version 5.0 which is used in this study. As summarized by Foley et al. (2010), there are
three main increments for the new aerosol module including improved treatment of sec-
ondary organic aerosol (SOA), a new heterogeneous N2O5 hydrolysis parameterization25

and a new treatment of gas-to-particle mass transfer for coarse particles with the up-
date of the in-line treatment of sea-salt emissions. In the previous aerosol module, SOA
was formed by absorptive partitioning of condensable oxidation products of monoter-
penes (ATRP1, ATRP2), long alkanes (∼8 carbon atoms) (AALK), low-yield aromatic
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products (based on m-xylene data) (AXYL1, AXYL2), and high-yield aromatics (based
on toluene data) (ATOL1, ATOL2). The updates to the representation of SOA include
several recently identified SOA formation pathways from isoprene (AISO1, AISO2),
benzene (ABNZ1, ABNZ2), sesquiterpenes (ASQT), in-cloud oxidation of glyoxal and
methylglyoxal (AORGC), particle-phase oligomerization (aged SOA, AOLGA, AOLGB),5

acid enhancement of isoprene SOA (AISO3), and NOx-dependent SOA yields from
aromatic compounds (ATOL3, AXYL3, ABNZ3) (see Table 2, Carlton et al., 2010).
Note that ATOL3, AXYL3, ABNZ3, AISO3, AOLGA, AOLGB and AORGC are non-
volatile SOA. Primary organic aerosols (POA) is separated into primary organic carbon
(APOC) and primary noncarbon organic mass (APNOM) (POA=APOC+APNOM)10

and soil is calculated as SOIL=2.20Al+2.49Si+1.63Ca+2.42Fe+1.94Ti (Si-
mon et al., 2011). Note that “OTHR” specie in Table 2 refers to unspecified
anthropogenic mass which comes from the emission inventory in PM2.5, i.e.,
[PM2.5]= [SO2−

4 ]+ [NH+
4 ]+ [NO−

3 ]+ [OM]+ [EC]+ [SOIL]+ [OTHR]. The model results
for PM2.5 concentrations are obtained by summing aerosol species concentrations over15

the first two modes. Generally speaking, the modal approach offers the advantage of
being computationally efficient, whereas the sectional representation provides more
accuracy at the expense of computational cost (Yu et al., 2007a, b, 2004, 2005, 2008;
McKeen et al., 2007; Liu et al., 2011). The chemical boundary conditions (BCs) for the
CMAQ model simulation over the CONUS were provided by an annual 2006 GEOS-20

Chem (Bey et al., 2001) simulation.

2.2 Aerosol-cloud-radiation interaction: indirect effects

A flow diagram for calculation of AIE in the two-way coupled WRF-CMAQ model is
shown in Fig. 3.
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2.2.1 First and second indirect aerosol forcing

To estimate the first and second indirect aerosol forcing, the cloud droplet number
concentrations are diagnosed from the activation of CMAQ-predicted aerosol particles
using a aerosol activation scheme for multiple externally mixed lognormal modes, with
each mode composed of uniform internal mixtures of soluble and insoluble material5

developed by Abdul-Razzak and Ghan (2002, 2000). The detailed description of the
aerosol activation scheme is given by Abdul-Razzak and Ghan (2002, 2000). Here
a brief summary relevant to the present study is presented. The aerosol number con-
centration of a multimode lognormal distribution can be expressed as

dn
dr

=
I∑

i=1

Ni√
2π lnσi

exp

−1
2

ln2
(

r
rg,i

)
ln2(σi )

 (1)10

where Ni is the total number concentration, rg,i is the geometric mean dry radius, and σi
is the geometric standard deviation for each aerosol mode i , i = 1,2, . . .I. The smallest
activation dry radius (rcut,i ) for each mode is (Abdul-Razzak and Ghan, 2002, 2000):

rcut,i = rg,i

(
Sm,i

Smax

) 2
3

(2)

where the critical supersaturation (Sm,i ) for activating particles and ambient maximum15

supersaturation (Smax) are given by (Abdul-Razzak and Ghan, 2002, 2000; Abdul-
Razzak et al., 1998):

Sm,i =
2√
Bi

(
A

3rg,i

) 3
2

(3)
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Smax =
1{∑ 1

S2
m,i

[
0.5exp(2.5 ln2σi )

(
ξ
ηi

) 3
2
+ (1+0.25lnσi )

(
S2

m,i

ηi+3ξ

) 3
4

]} 1
2

(4)

Where

ξ =
2A
3

(
αV
G

) 1
2

(5)

ηi =
(αV/G)

3
2

2πρwγNi
(6)5

A =
2σwMw

ρwRT
(7)

Here A is coefficient of the curvature effect (Kelvin term) in the Köhler equation, V is
the updraft velocity, the growth coefficient (G) represents diffusion of heat and moisture
to the particles (gas kinetic effects), ρw is the water density, Mw is the molecular weight10

of water, R is the molar gas constant, T is the temperature, σw is the surface tension of
water, α and γ are size-invariant coefficients in the supersaturation balance equation
(Leaitch et al., 1986; Abdul-Razzak et al., 1998). The hygroscopicity parameter (Bj )
(solute effect, Raoult term) in the Köhler equation for component j can be expressed
as (Pruppacher and Klett, 1997; Abdul-Razzak et al., 1998)15

Bj =
Mwvjφjεj/Ma,j

ρw/ρa,j

(8)

where vj , φj , εj , Ma,j and ρa,j are the number of ions the salt dissociates into (von’t Hoff
factor for solute in solution), osmotic coefficient, the mass fraction of soluble material (1
for water soluble material and 0 for insoluble material), molecular weight and density for
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component j , respectively. The volume mean hygroscopicity parameter (Bi ) for aerosol
mode i can be calculated as follows (Hanel, 1976; Pruppacher and Klett, 1997; Abdul-
Razzak et al., 1998):

Bi =

J∑
j=1

(Bi ,jqi ,j/ρa,i ,j )

J∑
j=1

(qi ,j/ρa,i ,j )

(9)

where qi ,j , and ρa,i ,j are mass mixing ratio, and density for component j in aerosol mode5

i , respectively. Petters and Kreidenweis (2007) summarized the hygroscopicity B value
ranges for different compounds on the basis of different measurements and estimations
from the different investigators. Note that the single parameter κ value in Petters and
Kreidenweis (2007) is practically equivalent to the hygroscopicity B value here (Liu
and Wang, 2010). Koehler et al. (2009) estimated that the hygroscopicity B values for10

(NH4)2SO4, and NaCl ranged from 0.33 to 0.72 and 0.91 to 1.33, respectively. The
hygroscopicity values for anthropogenic SOA range from 0.06 to 0.14 (Prenni et al.,
2007) and for biogenic SOA range from 0.06 to 0.23 (Prenni et al., 2007; King et al.,
2010). Elemental carbon is generally considered as non-hygroscopic (B = 0). Jimenez
et al. (2009) showed that the hygroscopicity of SOA changes from 0 to 0.2 because15

of its aging in the atmosphere. On the basis of the measurements for three mineral
dust samples (dust from Canary Island, outside Cairo and Arizona Test Dust), Koehler
et al. (2009) reported that the hygroscopicity values for the minimally-processed dust
particles vary from 0.01 to 0.08 with a suggested median value of 0.03. In this study, the
hygroscopicity B value for ASO4, ANO3, ANH4 and AORGC are assumed to be 0.5.20

The hygroscopicity B value of 0.14 is used for the SOA species (AALK, AXYL, ATOL,
ABNZ, ATRP, AISO and ASQT). The hygroscopicity B value for aged SOA (AOLGA
and AOLGB) is assumed to be 0.20. Table 3 lists the molecular weight, density and
hygroscopicity B values for each component used in this study.
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After the smallest activation dry radius (rcut,i ) for each mode is determined, the total
number (Nact, i.e., cloud droplet number) and mass (Mact) activated for each mode can
be calculated as follows (Abdul-Razzak and Ghan, 2002, 2000):

Nact =
I∑
i=1

Ni
1
2

[1−erf(ui )] (10)

Mact =
I∑
i=1

Mi
1
2

[
1−erf

(
ui −

3
√

2
2

ln(σi )

)]
(11)5

where

ui =
2ln(Sm,i/Smax)

3
√

2ln(σi )
. (12)

The total aerosol number and mass concentrations are separated into interstitial (refers
to aerosol particles that do not activate to form cloud droplets) and cloud-borne (ac-10

tivated) portions based on the values of activated fractions with the above equations.
It is also assumed that all cloud droplets are formed either when a cloud forms within
a layer or as air flows into the cloud. For stratiform (resolved) clouds, the scheme of
activation (Ghan et al., 1997; Abdul-Razzak and Ghan, 2002, 2000) only accounts for
both resolved and turbulent transport of air into the base of the cloud but neglects15

droplet formation on the sides and top of the cloud. An implicit numerical integration
scheme for treatment of cloud droplet nucleation and vertical diffusion of cloud droplets
simultaneously is performed by expressing cloud droplet nucleation in terms of a below-
cloud droplet number concentration diagnosed from the nucleation flux and the eddy
diffusivity (Abdul-Razzak and Ghan, 2002, 2000). When a cloud dissipates in a grid20

cell, cloud droplets evaporate and aerosols are resuspended, i.e., they transfer from
the cloud-borne to the interstitial state. The newly-simulated cloud droplet number con-
centrations are updated due to the transport processes like other species in the model
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before being added to the Morrison et al., 2-moment cloud microphysics scheme (Mor-
rison et al., 2009, 2005). The Morrison cloud microphysics scheme predicts both num-
ber concentrations and mass mixing ratios of five hydrometer types (cloud droplets, ice
crystals, rain droplets, snow particles and graupel particles) and water vapor, and de-
scribes several microphysical processes which include auto-conversion, self-collection,5

collection between hydrometeor species, freezing, cloud ice nucleation and droplet ac-
tivation by aerosols and sedimentation. The resulting cloud drop number concentra-
tions were supplied to the Morrison cloud microphysics scheme to allow estimation
of aerosol effects on cloud optical depth and microphysical process rates for indirect
aerosol radiative forcing (including first and second indirect aerosol forcing) by tying10

a two-moment treatment of cloud water (mass and number) to precipitation (the Mor-
rison cloud microphysics scheme) and two alternate radiation schemes (RRTMG and
CAM) in the WRF model. It should be noted that the original default aerosol activation
processes which are based on Khvorostyanov and Curry (1999) were turned off in the
study to avoid to double accounting of the aerosol activation. Radiation schemes used15

in the numerical models are very sensitive to the effective radius; Slingo (1990) showed
that decreasing the effective radius of cloud droplets from 10 to 8 µm would result in
atmospheric cooling that could offset global warming from doubling the CO2 content
of the atmosphere. In the Morrison cloud microphysics scheme, the cloud drop effec-
tive radius (re) is defined as the ratio of the third to the second moment of the gamma20

droplet size distribution as follows (Morrison and Grabowski, 2007):

re =
Γ(µ+4)

2λΓ(µ+3)
(13)

where Γ is the Euler gamma function and cloud droplet number concentrations (Nc(D))
are assumed to follow gamma size distribution:

Nc(D) = Nc,0Dµe−λD (14)25

where D, Nc,0 and λ are diameter, the “intercept” parameter, and slope parameter,

respectively. µ = 1/η2−1 is the spectral parameter (η is the ratio between the standard
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deviation of the spectrum and the mean radius for the relative radius dispersion) and η
is calculated as follows (Martin et al., 1994; Morrison and Grabowski, 2007):

η = 0.0005714Nc +0.2714 (15)

where Nc is the cloud droplet number concentration (cm−3). These cloud droplet ef-
fective radii from the Morrison cloud microphysics scheme are used in the RRTMG (or5

CAM) radiation schemes directly and this will affect the radiation fields accordingly.

2.2.2 Glaciation indirect aerosol forcing

To estimate the glaciation indirect aerosol forcing, the cloud ice number concentra-
tions were estimated from the activation of the CMAQ-predicted sulfate, black carbon,
dust and organic aerosols with an ice nucleation scheme used in the NCAR CAM (Liu10

et al., 2007). The detailed description of the ice nucleation scheme is given by Liu
et al. (2007) and Liu and Penner (2005). Briefly, in this scheme, the ice crystal number
concentration (Ni,a) from homogeneous nucleation (−60 ◦C< T <−35 ◦C) is a function
of temperature (T ), updraft velocity (w) and sulfate aerosol number concentration (Na)
and is calculated as follows:15

For higher T and lower w (the fast-growth regime):

Ni,a = min
{

exp(a2 +b2T + c2 lnw)N
a1+b1T+c1 lnw
a ,Na

}
, (16)

while for lower T and higher w (the slow-growth regime):

Ni,a = min
{

exp(a2 + (b2 +b3 lnw)T + c2 lnw)N
a1+b1T+c1 lnw
a ,Na

}
. (17)

In Eqs. (16) and (17), a1, a2, b1, b2, b3, c1 and c2 are coefficients for the homogeneous20

nucleation parameterization. The ice crystal number concentrations (Ni,s) formed from
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immersion nucleation of soot or mineral dust (Ns) through the heterogeneous nucle-
ation on the basis of classic nucleation theory (Pruppacher and Klett, 1997) are calcu-
lated as follows:

Ni,s = min
{

exp((a21 lnw +a22)+ (a11 lnw +a12)T )N
(b21 lnw+b22)+(b11 lnw+b12)T
s ,Ns

}
(18)

where a11, a12, a21, a22, b11, b12, b21, and b22 are coefficients.5

In the original version of the ice nucleation scheme in the NCAR CAM (Liu et al.,
2007), the deposition/condensation nucleation of ice crystals in mixed-phase clouds is
represented by the Meyers et al. (1992) formulation which does not allow ice number
concentration to depend on the aerosol number concentration. In the new version used
in this work, the ice number concentration from the deposition/condensation nucleation10

on dust/metallic, black carbon and organic aerosols with the size interval dlogDx is
estimated by the approach of Phillips et al. (2008) as follows

Ni,X =

∞∫
log(0.1 µm)

{1−exp[−µX (DX ,Si ,T )]}×
dnX

dlog(DX )
d log(DX ) (19)

µX = HX (Si ,T )ξ(T )

(
aX nIN,1,∗

ΩX ,1,∗

)
×

dΩX

dnX
for T < 0 ◦C and 1 < Si ≤ Sw

i (20)

nIN,1,∗(T ,Si ) = ψc exp[12.96(Si −1)−0.639] for T ≥ −25,◦C and 1 < Si ≤ Sw
i (21)15

Where X represents dust/metallic, black carbon and organic aerosols, µX is the av-
erage of the number of activated ice embryos per insoluble aerosol particle of size
DX , dΩX

dnX
≈ πDX , nX is the number mixing ratio of aerosols in group X , Si is the satu-

ration ratio of water vapor with respect to ice, T is temperature, ψ is assumed to be20

0.058707γ/ρc m3 kg−1 (γ = 2 and ρc = 0.76 kgm−3), c = 1000m−3, and Hx (Si ,T ) is an
empirically determined fraction (Phillips et al., 2008). The ice number concentrations
from the contact freezing of cloud droplets by dust particles are estimated with the
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approach of Young (1974) as follows (Liu et al., 2007):

nfrz, cnt = 4πrvNdNcntDcnt/ρ0 (22)

where

Ncnt = Na0(270.16− T )1.3 (23)

Dcnt =
kBTCc

6πµrcnt
(24)5

where rv, Nd, ρ0, Na0, kB, rcnt, Cc, µ and T are the volume mean droplet radius,
cloud droplet number concentration, air density, number concentration of dust parti-
cles for each mode (dust accumulation and coarse modes), the Boltzmann constant,
the aerosol (dust) number mean radius, the Cunningham correction factor, viscosity of10

air and temperature, respectively. The original contact freezing scheme in the Morrison
cloud microphysics scheme which is based on the approach of Meyers et al. (1992) is
turned off in this study. The resulting cloud ice number concentrations were added to
the Morrison cloud microphysics scheme to allow estimation of aerosol effects on ice
optical depth and microphysical process rates for indirect glaciation aerosol radiative15

forcing by tying a two-moment treatment of cloud ice (mass and number) to precipi-
tation (the Morrison cloud microphysics scheme) and two radiation schemes (RRTMG
and CAM) in the WRF model. Calculation of ice effective radius is complicated by the
nonspherical geometry of ice crystals. In the Morrison cloud microphysical scheme, the
parameterization of Fu (1996) for derivation of ice effective diameter (De,i ) is employed20

as follows (Morrison and Grabowski, 2007):

De,i = 2
√

3IWC/(3ρiAc) (25)

Where IWC is the ice water content and Ac is the projected area of the crystals from
the given A (projected area)–D (dimension) relationship integrated over the size distri-
bution (Morrison and Grabowski, 2007). The A–D relationship varies as a function of25
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crystal habit, degree of riming and particle size. These ice effective radii from the Mor-
rison cloud microphysics scheme are used in the RRTMG and CAM radiation schemes
directly and this will affect the radiation fields accordingly.

3 Observational data sets

3.1 PM2.5 and its chemical components observations at the surface sites5

Over the continental United States, four surface monitoring networks for PM2.5 mea-
surements were employed in this evaluation: Interagency Monitoring of Protected Vi-
sual Environments (IMPROVE), Speciated Trends Network (STN), Clean Air Status
Trends Network (CASTNet) and Air Quality System (AQS), each with its own and of-
ten disparate sampling protocol and standard operating procedures. In the IMPROVE10

network, two 24 h samples are collected on quartz filters each week, on Wednesday
and Saturday, beginning at midnight local time (Sisler and Malm, 2000). The observed
PM2.5, SO2−

4 , NO−
3 , EC and OC data are available at 155 rural sites across the con-

tinental United States. The STN network (http://www.epa.gov/air/data/aqsdb.html) fol-
lows the protocol of the IMPROVE network (i.e., every third day collection) with the15

exception that most of the sites are in urban areas. The observed PM2.5, SO2−
4 , NO−

3 ,
and NH+

4 data are available at 182 STN sites within the model domain. The CASTNet
(http://www.epa.gov/castnet/) collected the concentration data at predominately rural
sites using filter packs that are exposed for 1 week intervals (i.e., Tuesday to Tuesday).
The aerosol species at the 82 CASTNet sites used in this evaluation include: SO2−

4 ,20

NO−
3 , and NH+

4 . The hourly near real-time PM2.5 data at 840 sites in the continental
United States are measured by tapered element oscillating microbalance (TEOM) in-
struments at the US EPA’s AQS network sites. The hourly, near real-time O3 data for
2006 at 1138 measurement sites in the continental United States are available from
the US EPA’s AQS network, resulting in nearly 1.2 million hourly O3 observations for25

the studied period.
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3.2 Satellite cloud observations from CERES

The NASA Clouds and Earth’s Radiant Energy System (CERES) is a suite of satellite-
based instruments designed to measure the top-of-atmosphere (TOA) radiation fields
simultaneously with cloud properties. The CERES scanners operated on three satel-
lites (the Tropical Rainfall Measuring Mission (TRMM), Moderate Resolution Imaging5

Spectroradiometer (MODIS) Terra and Aqua satellites) in which data from the TRMM
Visible Infrared Scanner (VIRS) (Kummerow et al., 1998) and the MODIS Terra and
Aqua (Barnes et al., 1998) are used for discriminating between clear and cloudy
scenes, and for retrieving the properties of clouds and the aerosols. In this study, the
monthly data of cloud properties are obtained from the CERES SSF (Single Scan-10

ner Footprint) 1deg Product Edition2.6 (CERES Terra SSF1deg-lite_Ed2.6) which was
released on 11 July 2011 (Wielicki et al., 2006; http://ceres-tool.larc.nasa.gov/ord-
tool/jsp/SSF1degSelection.jsp). Monthly means are calculated using the combination
of observed and interpolated parameters from all days containing at least one CERES
observation. CERES SSF1deg provides CERES-observed temporally interpolated top-15

of-atmosphere (TOA) radiative fluxes and coincident MODIS-derived cloud and aerosol
properties at daily and monthly 1◦-regional, zonal and global time-space scales. The
cloud parameters used in this study include cloud area fraction (day-night), liquid wa-
ter path, water particle radius, ice particle effective radius, cloud visible optical depth
(day-night). The TOA radiation fluxes include shortwave flux (clear-sky and all-sky) and20

longwave flux (clear-sky and all-sky). Following Harrison et al. (1990), the shortwave
(longwave) cloud forcing SWCF (LWCF) at the TOA was calculated as the difference
between the clear-sky reflected shortwave (outgoing longwave) radiation and the all-
sky reflected shortwave (outgoing longwave) radiation at the TOA for both models and
observations.25
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4 Results and discussion

4.1 Model performance evaluation for PM2.5, O3 and PM2.5 chemical
composition

To evaluate model performance, regression statistics along with three measures of
bias (the mean bias (MB), normalized MB (NMB) and normalized MB factor (NMBF)),5

and three measures of error (the root mean square error (RMSE), normalized mean
error (NME) and normalized mean error factor (NMEF)), and correlation coefficient (r )
(Yu et al., 2006; Gustafson and Yu, 2012) were calculated. Following the protocol of
the IMPROVE network, the daily (24 h) PM2.5 concentrations at the AQS sites were
calculated from midnight to midnight local time of the next day on the basis of hourly10

PM2.5 observations. The results are summarized in Tables 4–6 for August 2006 and in
Tables 7 and 8 for September 2006.

4.1.1 PM2.5 and O3 at the AQS sites

Table 4 and Fig. 4a clearly indicate that over the CONUS, both models (WRF-
CMAQ/CAM and WRF-CMAQ/RRTMG) reproduced the majority of the observed daily15

maximum 8 h O3 with values > 40 ppbv within a factor of 1.5 for August of 2006. The
NMB and NME are −0.1 % (15.0 %) and −0.4 % (14.8 %) for WRF–CMAQ/CAM (WRF–
CMAQ/RRTMG), respectively, when only data of maximum 8 h O3 with concentrations
> 40 ppbv are considered. These values are much lower than the corresponding results
when all data are considered, indicating the overestimation in the low O3 concentration20

range contributes significantly to the overall overestimation for both models, especially
when only data over the eastern Texas domain are used, as shown in Table 4. The
overestimation in the low O3 concentration range could be indicative of titration by NO
in urban plumes that the model does not resolve because many AQS sites are located
in urban areas as pointed out by Yu et al. (2007). One of the reasons for more O3 over-25

estimation for the 4 km resolution simulations relative to the 12 km resolution simulation

25670

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/25649/2013/acpd-13-25649-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/25649/2013/acpd-13-25649-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 25649–25739, 2013

Aerosol indirect
effect in the two-way
coupled WRF-CMAQ

S. Yu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

over the eastern Texas is because of boundary conditions used in the 4 km simulations
although the model performance for O3 is still reasonably well because the NMB values
are less than 37 % as listed in Table 4. The model performance for both models for O3
concentrations is similar.

The model performance for PM2.5 at the AQS sites for August of 2006 is summa-5

rized in Tables 5 and 6, and Fig. 5. Following Eder and Yu (2006), the results over the
COUNS were separated into the eastern (EUS, longitude >−100◦ W) and western US
(WUS, longitude <−100◦ W). Figure 5 indicates that both models captured the majority
of observed daily PM2.5 values within a factor of 2, but generally underestimated the
observations at the high PM2.5 concentration range. The domain wide mean values of10

MB and RMSE for all daily PM2.5 at the AQS sites for August of 2006 over the EUS are
0.81 (−0.02) and 10.70 (10.20) µgm−3 for WRF-CMAQ/CAM (WRF-CMAQ/RRTMG),
respectively, and those for NMB and NME are 5.3 (−0.1) % and 49.9 (48.6) % for WRF-
CMAQ/CAM (WRF-CMAQ/RRTMG), respectively. The results over the WUS are similar
to those over the EUS. Generally, WRF-CMAQ/CAM simulated higher PM2.5 levels than15

WRF-CMAQ/RRTMG.
The model performance for PM2.5 at the AQS sites during September of 2006 is sum-

marized in Tables 7 and 8. There are greater overestimations of PM2.5 in September
relative to those in August. Over the EUS, WRF-CMAQ/CAM and WRF-CMAQ/RRTMG
overestimated the observed PM2.5 at the AQS sites by a factor of 1.30 and 1.27),20

respectively, as indicated by normalized mean bias factor (NMBF) (Yu et al., 2006).
According to the results at these STN urban sites which also have consistent over-
estimation of PM2.5, the overestimations of PM2.5 at these urban locations by both
models primarily result from the overestimations of SO2−

4 , NH+
4 , NO−

3 , and TC over the
EUS. Over the WUS, WRF-CMAQ/CAM and WRF-CMAQ/RRTMG overestimated the25

observed PM2.5 at the AQS sites by a factor of 1.65 and 1.55, respectively, mainly due
to the overestimations of TC according to the results at the STN urban sites in Table 7b.

The results over the eastern Texas domain for both 4 km and 12 km resolution simu-
lations are summarized in Tables 6 and 8. For August of 2006, both WRF-CMAQ/CAM
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and WRF-CMAQ/RRTMG overestimated the observed PM2.5 at the AQS sites mainly
because of the overestimation of TC according to the results at the STN urban sites
as shown in Table 6. Table 6 also shows that the less overestimations of PM2.5 for the
12 km resolution simulations relative to the 4 km resolution simulations are due to the
fact that the results of the 12 km resolution simulations have more underestimations of5

SO2−
4 , NH+

4 , and NO−
3 for both models. This is because of the underestimation of cloud

fields in the 12 km resolution simulations as indicated in Sect. 4.2 below. Similar per-
formance trends in the two models are also noted for September of 2006, as shown in
Table 8. However, the model performance for SO2−

4 is very good with the NMB < ±6 %.

4.1.2 PM2.5 and its chemical composition at the CASTNet, IMPROVE, STN sites10

Over the EUS for the 12 km resolution simulations of August 2006, the examination
of the domain-wide bias and errors (Table 5a and Figs. 6 and 7) for different net-
works reveals that the WRF-CMAQ/CAM (WRF-CMAQ/RRTMG) consistently under-
estimated the observed SO2−

4 by −23.0 % (−27.7 %), −12.5 % (−18.9 %) and −7.9 %
(−14.8 %) at the CASTNet, IMPROVE and STN sites, respectively. Both models under-15

estimated the observed NH+
4 at the CASTNet sites (by −23.0 % for WRF-CMAQ/CAM

and −27.7 % for WRF-CMAQ/RRTMG) and had a good performance at the STN sites
with the NMB < ±7 %. Both models overestimated the observed SO2 by more than
98 % at the CASTNet sites. The comparison of the modeled and observed total sulfur
(SO2−

4 +SO2) at the CASTNet sites in Fig. 8 and Table 5a reveals that both models20

overestimated the observed total sulfur systematically and the modeled mean total sul-
fur values are higher than the observations by 25.3 % and 21.8 % for WRF-CMAQ/CAM
and WRF-CMAQ/RRTMG, respectively. This indicates too much SO2 emission in the
emission inventory and that not enough gaseous SO2 concentrations were oxidized
to produce aerosol SO2−

4 in the models. Although the NMB values for aerosol NO−
325

are less than 60 % as shown in Table 5a, the poor model performance for NO−
3 (see

scatter plot in Fig. 6a and correlation < 0.40 in Table 5a) is related in part to volatil-
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ity issues of measurements associated with NO−
3 , and their exacerbation because of

uncertainties associated with SO2−
4 and total NH+

4 simulations in the model (Yu et al.,
2005). Table 5a indicates that both models overestimated the observed mean OC, EC
and TC concentrations at the IMPROVE sites by 25.9 %, 54.9 % and 31.9 % for WRF-
CMAQ/CAM, respectively, and by 23.8 %, 52.2 % and 29.7 % for WRF-CMAQ/RRTMG,5

respectively. As pointed by Yu et al. (2012a), since the IMPROVE and the model emis-
sion inventory use the thermo-optical reflectance (TOR) method to define the split be-
tween OC and EC while the STN network used the thermo-optical transmittance (TOT)
method, only the determination of total carbon (TC=OC+EC) is comparable between
these two analysis protocols. Therefore, Table 5a only lists the performance results for10

TC comparisons from the STN sites. The very small NMB values (< ±3 %) but large
NME values (> 48 %) for both models indicated that there is a large compensation
error between the overestimation and underestimation of the observed TC concentra-
tions at the STN sites in the model simulations. The model performances for PM2.5 at
the IMPROVE and STN sites are reasonably good with the NMB values of −13.2 %15

and −0.7 % for WRF-CMAQ/CAM, respectively, and −16.8 % and −6.2 % for WRF-
CMAQ/RRTMG, respectively. One of the reasons for the consistent underestimations
of PM2.5 is because of the consistent underestimation of SO2−

4 due to the fact that
the model generally underestimated the cloud field as analyzed below, which caused
underestimation of aqueous SO2−

4 production.20

Over the WUS for the 12 km resolution simulations of August 2006, Table 5b shows
that WRF-CMAQ/CAM (WRF-CMAQ/RRTMG) still consistently underestimated the ob-
served SO2−

4 by −23.9 % (−24.5 %), and −4.2 % (−9.5 %) at the CASTNet, and STN

sites, respectively, while both models had slight overestimations of the observed SO2−
4

at the IMPROVE sites with the NMB < 15 %. Both models underestimated the observed25

NH+
4 at both CASTNet and STN sites by more than 34 %. Both models also overesti-

mated the observed SO2 by more than 47 % at the CASTNet sites. The comparison
of the modeled and observed total sulfur (SO2−

4 +SO2) at the CASTNet sites in Fig. 8
and Table 5b reveals that both models had good performance for the observed total
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sulfur with NMB< 6 %. This indicates reasonable total SO2 emission in the emission
inventory and that gaseous SO2 concentrations were not oxidized enough to produce
aerosol SO2−

4 in the models over the WUS. Like the EUS, both models have poor per-
formance for aerosol NO−

3 but had serious underestimations at all networks by more
than a factor of 2, especially at both CASTNet and STN sites, as shown in Fig. 6b5

and Table 5b. This indicates too low NOx emissions in the emission inventory over the
WUS. Table 5b indicates that both models overestimated the observed mean OC, EC
and TC concentrations at the IMPROVE sites by more than 38.6 % while both mod-
els had slight underestimations of TC at the STN sites by less than 13 %. The model
performances for PM2.5 at the IMPROVE and STN sites are reasonably good with the10

NMB values < 15 %.
The results for September are different from those of August in the following aspects

over the EUS and WUS. Over the EUS, both models had slight overestimations of SO2−
4

at both IMPROVE and STN sites with the NMB < 20 % but slight underestimations at
CASTNet sites with NMB <−11 % as shown in Table 7a. This is consistent with the15

fact that both models generally overestimated the cloud field for September as ana-
lyzed below. Both models consistently overestimated NH+

4 in September by more than
20 %, especially at CASTNet sites. Both models also had consistent overestimations
of the observed SO2 and total sulfur at the CASTNet sites like August, and consis-
tent overestimations of mean OC, EC and TC concentrations at the IMPROVE sites by20

more than 32 %. The model performance for PM2.5 at the IMPROVE and STN sites is
reasonably good with general consistent overestimations instead of underestimations.
Table 7a shows that both models generally overestimated all PM2.5 species (SO2−

4 ,
NO−

3 , NH+
4 , OC, EC, TC) at IMROVE and STN sites.

Over the WUS for September, both models had similar performance for SO2−
4 , NH+

4 ,25

SO2, and total sulfur to those of August for different networks. Like August, both mod-
els had consistent overestimations of OC, EC and TC concentrations at the IMPROVE
sites but also had overestimation of TC at the STN sites as shown in Table 7b in
September. Both models had more overestimations of PM2.5 at the IMPROVE and
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STN sites in September than August over the WUS due to the fact that both models
overestimated TC more in September than August.

4.2 Model performance evaluation for cloud properties (SWCF, LWCF, COD, and
cloud fraction) with CERES satellite observations

To gain insights into the model performance for the parameterizations of cloud-5

mediated radiative-forcing due to aerosols (i.e., indirect aerosol forcing) in the two-
way coupled WRF-CMAQ modeling system, the CERES satellite observations of cloud
properties (SWCF, LWCF, COD, and cloud fraction) were used. To compare the model
results with the CERES observations, the 1.0◦ ×1.0◦ CERES data are interpolated to
the model domains for the 12 km resolution over the CONUS and the 4 km resolution10

over eastern Texas. The results for SWCF, LWCF, |SWCF|/LWCF, COD and cloud frac-
tions over land and ocean areas of the EUS and WUS are shown in Figs. 9–12, 13–16,
17–18, 19–21 and 22–23, respectively. Tables 9 to 12 statistically summarize the model
performance for each case in August and September. For reference, the results for the
WRF only with the RRTMG and CAM radiation schemes are also shown in Figures and15

Tables. As shown in Figs. 9, 11–13 and 15–21, the model performances are very dif-
ferent over land and ocean areas for the 12 km resolution simulations over the CONUS
domain. Therefore, the results over land and ocean areas are presented separately for
these simulations in the following analysis.

4.2.1 SWCF and LWCF comparisons20

Cloud radiative forcing depends on both cloud radiative properties and cloud micro-
physical properties. The SWCF is mostly dominated by low and middle clouds except
in regions of deep convection, where very bright stratiform anvils may contribute signif-
icantly; whereas the LWCF is mostly dominated by high clouds (Lauer et al., 2009).
The ratio of |SWCF| and LWCF (N= |SWCF|/LWCF) can be used to indicate aver-25

aged cloud height, e.g., smaller N with higher clouds (Su et al., 2010). As summa-
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rized by Taylor (2012), |SWCF| � LWCF for low clouds, stratocumulus and cumulus
and LWCF� |SWCF| for high clouds, cirrus and cirrostratus (Hartmann and Doelling,
1991; Stephens, 2005), whereas there is a cancelation between SWCF and LWCF
(|SWCF| ≈ LWCF) for deep convective clouds (Kiehl and Ramanathan, 1990; Kiehl,
1994b).5

Over the land areas of the EUS in August of 2006 as shown in Tables 9 and 10, the
domain means of the CERES observations, WRF-CMAQ/CAM, WRF-CMAQ/RRTMG,
WRF/CAM, and WRF/RRTMG for SWCF (LWCF) are −60.90 (30.26), −53.75 (21.83),
−47.23 (20.95), −51.13 (37.28), and −39.36 (26.98) wattsm−2, respectively. Over the
land areas of the WUS in August of 2006, the domain means of the CERES obser-10

vations, WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM, and WRF/RRTMG for
SWCF (LWCF) are −37.18 (30.33), −27.58 (19.97), −24.76 (19.58), −39.54 (46.10),
and −27.71 (29.23) wattsm−2, respectively. According to the CERES observations, the
SWCF values over the land of the EUS are much more negative than those of the
WUS, whereas their LWCF values are very close. The NMB values for SWCF (LWCF)15

over the land of the EUS in August of 2006 are −11.74 % (−27.86 %) and −22.45 %
(−30.76 %) for WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, respectively, whereas over
the land of WUS, they are −25.82 % (−34.15 %) and −33.40 % (−35.45 %), respec-
tively. The consistent underestimations of SWCF and LWCF by both WRF-CMAQ/CAM,
WRF-CMAQ/RRTMG indicate that the WRF-CMAQ model generally underestimated20

the cloud field, although the WRF-CMAQ/CAM produced more cloud than the WRF-
CMAQ/RRTMG over the CONUS (both EUS and WUS) in August of 2006. The model
performance for the land of the EUS is slightly better than the WUS. The results
over eastern Texas from the 12 km resolution simulations are similar to those over the
CONUS as shown in Table 9. One of the reasons for the underestimation of cloud in25

both WRF-CMAQ/CAM, WRF-CMAQ/RRTMG is that the subgrid convective clouds do
not include these aerosol indirect effects which may pose an issue for these 12 km
simulations. This is in agreement with the fact that both WRF-CMAQ/CAM, WRF-
CMAQ/RRTMG captured SWCF and LWCF very well for the 4 km simulation over east-
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ern Texas with the NMB values < ±10 % as shown in Figs. 11 and 15 and Tables 9
and 10. This is because the 4 km simulations were able to resolve subgrid convective
clouds and include the aerosol effects.

Over the ocean areas of the EUS in August 2006, the NMB values for SWCF
(LWCF) are −7.75 % (−19.99 %) and −23.69 % (−27.70 %) for WRF-CMAQ/CAM,5

WRF-CMAQ/RRTMG, respectively, whereas over the ocean areas of WUS, they are
9.20 % (−27.90 %) and −14.64 % (−34.79 %), respectively. WRF-CMAQ/CAM per-
formed better for both SWCF and LWCF than WRF-CMAQ/RRTMG. CAM and RRTMG
radiation schemes used different parameterizations to calculate the optical proper-
ties of cloud, in part, leading to the different results for WRF-CMAQ/CAM and WRF-10

CMAQ/RRTMG. Figures 11 and 15, and Tables 9 and 10 indicate that the WRF only
cases (both WRF/CAM and WRF/RRTMG) did not perform as well as WRF-CMAQ,
especially over the ocean areas, due to the fact that in the default WRF, cloud effec-
tive radii over the land and ocean are assumed to be 8.0 and 14.0 µm, respectively,
and ice effective radius is assumed to be 14.0 µm in the formulation for calculation15

of effective radius originally developed by J. T. Kiehl (1994a). The results in Figs. 11
and 15 strongly indicate that the assumption of 14.0 µm of cloud effective radius over
the ocean is not reasonable because the WRF-only cases completely misplaced cloud
locations with negative correlations as shown in Tables 9 and 10. The results of WRF-
CMAQ/CAM, WRF-CMAQ/RRTMG have significant improvements for both SWCF and20

LWCF predictions over both ocean and land relative to those of the WRF only cases.
Grabowski (2006) also found that the formulations for the calculations of cloud effective
radius have significant impact on the estimation of indirect aerosol effects.

Over the land areas of both EUS and WUS for September 2006, both WRF-
CMAQ/CAM and WRF-CMAQ/RRTMG captured SWCF slightly better than those of25

August of 2006 with the NMB values <−5 % as shown in Table 9, and Figs. 11 and 12.
Both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG also underestimated both SWCF
and LWCF values over the land areas as in August 2006, possibly because the AIE on
subgrid convective clouds is not included for the model simulations at the 12 km resolu-
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tion. The SWCF values for September are about 10 % lower than August over the land
areas as shown in Table 9. Over the ocean areas for September of 2006, both WRF-
CMAQ/CAM and WRF-CMAQ/RRTMG captured both SWCF and LWCF very well with
the slightly overestimations (NMB values < 16 %). For the 4 km simulation over eastern
Texas in September, both WRF-CMAQ/CAM, WRF-CMAQ/RRTMG captured SWCF5

and LWCF very well with the NMB values < ±12 % for SWCF and NMB values < ±21 %
for LWCF as shown in Figs. 12 and 16 and Tables 9 and 10. Similar to August 2006, the
results of WRF-CMAQ/CAM, WRF-CMAQ/RRTMG have significant improvements for
both SWCF and LWCF with much better correlations relative to those of WRF default
cases at 12 km resolutions, especially over the ocean. For the 4 km simulations over10

eastern Texas, both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG have significantly
better performance for SWCF than the corresponding WRF/CAM and WRF/RRTMG in
both August and September in terms of the NMB values as listed in Table 9, whereas for
LWCF in Table 10, both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG have better per-
formance in August and close performance in September relative to the corresponding15

WRF/CAM and WRF/RRTMG. This indicates that it is necessary to include the aerosol
fields from the air quality model (CMAQ here) in the meteorological models (WRF here)
to simulate cloud fields.

The ratios of |SWCF| and LWCF (N values) in Fig. 17 shows that over both land
and ocean areas of the EUS in August 2006, both WRF-CMAQ/CAM and WRF-20

CMAQ/RRTMG performed very well when the N values .2.5 but significantly over-
estimated observed N values when N &2.5, indicating that both models overestimated
low clouds, stratocumulus and cumulus. On the other hand, over both land and ocean
areas of the WUS in August 2006, both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG
performed very well when ∼0.2<N .2.5 and significantly overestimated the observed25

N values when N &2.5 or N .0.2 as shown in Fig. 17, suggesting that both models
underestimated high clouds, cirrus and cirrostratus but overestimated low clouds, stra-
tocumulus and cumulus over the land and ocean areas of the WUS. Figure 17 also
shows that there are not many high clouds, cirrus and cirrostratus over both land and
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ocean areas of the EUS in August 2006 according to both observations and model
results in September. The results also indicate that the WRF default cases under-
estimate the observed N values when N&2.0 for the whole domain, indicating that
both WRF/CAM and WRF/RRTMG underestimated low clouds, stratocumulus and cu-
mulus everywhere. Both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG performed very5

well when ∼0.2<N .2.5 over the model domain, much better than the corresponding
WRF/CAM and WRF/RRTMG, indicating the importance for including the aerosol effect
in the meteorological models.

The results of the N values for September 2006 in Fig. 18 are similar to those for
August except that WRF default cases (WRF/CAM and WRF/RRTMG) also overesti-10

mated low clouds, stratocumulus and cumulus over the model domain and the land
areas of the WUS and that there were not many high clouds, cirrus and cirrostratus
according to both observations and model results.

4.2.2 COD comparisons

The COD values are determined by the cloud liquid water path (LWP) and cloud effec-15

tive radius, and LWP is strongly dependent on external dynamical forcing parameters,
such as large-scale divergence rate (Ghan et al., 2001a; Lu and Seinfeld, 2005; Se-
infeld and Pandis, 1998). Comparisons of mean COD from models with observations
for August are shown in Fig. 19 and their scatter plots are shown in Figs. 20 and 21.
Table 11 statistically summarizes the results of model performances. Over the land20

areas of both EUS and WUS in August and September, both WRF-CMAQ/CAM and
WRF-CMAQ/RRTMG consistently underestimated observed COD with more underes-
timation over the WUS as shown in Table 11 and Figs. 20 and 21, being consistent with
generally underestimations of SWCF as indicated in Sect. 4.2.1. Over the ocean areas
of both EUS and WUS in August and September, WRF-CMAQ/CAM captured the ob-25

served COD very well with the NMB values < ±10 %, whereas WRF-CMAQ/RRTMG
underestimates the observed COD by more than 28 %. The results of COD for the 4 km
simulation over the eastern Texas are better than those of the 12 km simulations over
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the land of the EUS in August for both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG as
shown in Table 11. However, in September, the results of COD for the 4 km simulations
over the eastern Texas are not better relative to those of the 12 km simulations. One of
the reasons for this is that in September, all model results (WRF-CMAQ/CAM, WRF-
CMAQ/RRTMG, WRF/CAM and WRF/RRTMG) underestimated COD significantly in5

the 4 km simulations but not for the 12 km simulations as shown in Table 11 and Fig. 21.
Relative to the WRF default cases (WRF/CAM and WRF/RRTMG), the results of WRF-
CMAQ/CAM and WRF-CMAQ/RRTMG have significant improvements for COD perfor-
mance as shown in Table 1 and Figs. 20 and 21.

4.2.3 Cloud fraction comparisons10

In the satellite observation, cloud fraction or cloud cover is defined as the number of
cloudy pixels divided by the total number of pixels. In the WRF model, cloud fraction is
calculated on the basis of the relative humidity and liquid water substance with the pa-
rameterization of Randall (1995) following Hong et al. (1998). The model performances
for the cloud fractions are shown in the scatter plots of Figs. 22 and 23 and summarized15

in Table 12. WRF-CMAQ/CAM captured cloud fractions very well over the whole model
domain (land and ocean) in both August and September with the NMB values < ±10 %
and correlations > 0.9 and WRF-CMAQ/RRTMG also did very well with the slightly
higher NMB values and lower correlations as shown in Table 12 and Figs. 22 and 23.
All models (WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM and WRF/RRTMG)20

captured the observed cloud fractions well for the 4 km simulation over the eastern
Texas in both August and September with the NMB values < ±12 % and correlations
> 0.74 as shown in Table 12. On the other hand, the WRF default cases (WRF/CAM
and WRF/RRTMG) significantly misplaced the locations of clouds over the land and
ocean in both August and September even with negative correlations, especially for25

August and over the ocean areas as shown in Figs. 22 and 23. This is consistent with
the results of SWCF in Sect. 4.2.1.
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4.3 Precipitation evaluation

The monthly gridded cumulative precipitation data at the 4 km resolution over the
CONUS from the Parameter–Elevation Regressions on Independent Slopes Model
(PRISM; Daly et al., 1994; Daly, 2002) were regridded to the 12 km CONUS domain
to evaluate the model performance for precipitation. The spatial difference of monthly5

mean precipitations between observations and models are shown in Figs. 24 (August)
and 25 (September). The scatter plots are shown in Figs. 26 and statistical results are
summarized in Table 13. Figure 24 and Table 12 indicates that both WRF-CMAQ/CAM
and WRF-CMAQ/RRTMG generally overestimated the observed precipitation by more
than 40 % mainly because of significant overestimation in the southern part of the10

CONUS in August. Both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG significantly im-
proved the underestimation of precipitation over the central part of the CONUS and
overestimation over the New Mexico regions in August relative to their corresponding
WRF default cases (WRF/CAM and WRF/RRTMG) as shown in Fig. 24. In September,
all models (WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM, and WRF/RRTMG)15

reproduce the observed precipitation reasonably well with the NMB values < 40 %, al-
though all models consistently underestimated the observations as shown in Table 13
and Fig. 25. Both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG improved the underes-
timation of precipitation over the EUS in September with smaller NMB values relative
to their corresponding WRF default cases (WRF/CAM and WRF/RRTMG) as shown20

in Fig. 25. It is generally accepted in the meteorological community that small scale
summertime convection is more difficult to replicate with convective parameterizations
because of the stochastic nature of these cells, which are often triggered by mesoscale
surface forcing or outflow boundaries from other convective cells (Grell and Devenyi,
2002). September has less convection effects relative to August. For the 4 km simu-25

lations over the eastern Texas, both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG im-
proved the underestimation of precipitation in August with smaller NMB values relative
to their corresponding WRF default cases (WRF/CAM and WRF/RRTMG) as shown in
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Table 13, whereas in September, all models captured the observed precipitation well
with the NMB value < ±20 %.

5 Conclusions

In this study, the AIE on the microphysical and radiative properties of clouds (includ-
ing first, second and glaciation indirect aerosol forcing) have been implemented in the5

two-way coupled WRF-CMAQ modeling system by including parameterizations for both
cloud drop and ice number concentrations on the basis of the CMAQ-predicted aerosol
distributions, chemical and microphysical properties, and the WRF meteorological con-
ditions, with a new subroutine, “CMAQ_mixactivate”. The cloud drop number concen-
trations were estimated from the activation of CMAQ-predicted aerosol particles us-10

ing an aerosol activation scheme for multiple externally mixed lognormal modes, each
mode composed of a uniform internal mixtures of soluble and insoluble material devel-
oped by Abdul-Razzak and Ghan (2002, 2000), while the cloud ice number concentra-
tions were estimated from the activation of the CMAQ-predicted sulfate, black carbon,
dust and organic aerosols with an ice nucleation scheme adopted from the NCAR CAM.15

The resulting cloud drop and ice number concentrations are supplied to the Morrison
et al., 2-moment cloud microphysics scheme by tying a two-moment treatment of cloud
water (mass and number) and cloud ice (mass and number) to precipitation in the Mor-
rison et al., 2-moment cloud microphysics scheme and two separate radiation schemes
(RRTMG and CAM) in the WRF model. This allows us to estimate aerosol effects on20

cloud and ice optical depth and microphysical process rates for first, second and glacia-
tion AIE. The cloud drop effective radius and cloud ice effective radius from the output
of the Morrison cloud microphysics scheme are used in the RRTMG and CAM radia-
tion schemes directly and these affect the computed radiation fields accordingly. The
model performance was carried out by comparison of the model simulations with the25

observations from satellite and surface networks over the CONUS (12 km resolution)
and eastern Texas (4 km resolution) domains in August and September of 2006.
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The results at the AQS surface sites show that in August over the EUS the NMB and
NME values for PM2.5 are 5.3 (−0.1) % and 49.9 (48.6) % for WRF-CMAQ/CAM (WRF-
CMAQ/RRTMG), respectively. The results over the WUS are similar to those over the
EUS. Over the EUS in August, WRF-CMAQ/CAM (WRF-CMAQ/RRTMG) consistently
underestimated the observed SO2−

4 by −23.0 % (−27.7 %), −12.5 % (−18.9 %) and5

−7.9 % (−14.8 %) at the CASTNet, IMPROVE and STN sites, respectively, and both
models overestimated the observed SO2 by more than 98 % at the CASTNet sites.
Both models overestimated the observed total sulfur (SO2−

4 +SO2) at the CASTNet
sites systematically, and the modeled mean total sulfur values were higher than the
observations by 25.3 % and 21.8 % for WRF-CMAQ/CAM and WRF-CMAQ/RRTMG,10

respectively. The observed mean OC, EC and TC concentrations over the EUS in
August at the IMPROVE sites were overestimated by 25.9 %, 54.9 % and 31.9 % for
the WRF-CMAQ/CAM, respectively, and by 23.8 %, 52.2 % and 29.7 % for the WRF-
CMAQ/RRTMG, respectively. The model performances for PM2.5 at the IMPROVE and
STN sites over the EUS in August are reasonably good with the NMB values of −13.2 %15

and −0.7 % for WRF-CMAQ/CAM, respectively, and −16.8 % and −6.2 % for WRF-
CMAQ/RRTMG, respectively. The results over the WUS in August are similar to those
over the EUS except that both models had slight overestimations of the observed SO2−

4
at the IMPROVE sites with the NMB< 15 % and slight underestimations of TC at the
STN urban sites by less than 13 %.20

According to the CERES observations in August, the SWCF values over the land
of the EUS are much higher than those of the WUS, whereas their LWCF values
are very close. The NMB values for SWCF (LWCF) over the land of the EUS in
August are −11.74 % (−27.86 %) and −22.45 % (−30.76 %) for WRF-CMAQ/CAM,
WRF-CMAQ/RRTMG, respectively, whereas over the land of WUS, they are −25.82 %25

(−34.15 %) and −33.40 % (−35.45 %), respectively. One of the reasons for the un-
derestimation of cloud in both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG is that the
subgrid convective clouds do not include aerosol effects in the model simulations at the
12 km resolution. This is in agreement with the fact that both models captured SWCF
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and LWCF very well for the 4 km simulation over the eastern Texas with the NMB values
< ±10 %. The results of the ratios of |SWCF| and LWCF indicate that in August, both
models overestimated low clouds, stratocumulus and cumulus over the land and ocean
areas of the EUS and that both models underestimated high clouds, cirrus and cirro-
stratus but overestimated low clouds, stratocumulus and cumulus over the land and5

ocean areas of the WUS. Over the land areas of the CONUS in August, both models
consistently underestimated observed COD with more underestimation over the WUS,
being generally consistent with underestimations of SWCF. Over the ocean areas in
August, WRF-CMAQ/CAM captured the observed COD very well with the NMB values
< ±10 %, whereas WRF-CMAQ/RRTMG underestimated the observed COD by more10

than 28 %. Both models captured cloud fractions very well over the whole model do-
main (land and ocean) in August. Both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG
generally overestimated the observed precipitation by more than 40 % mainly because
of significant overestimation in the southern part of the CONUS in August. The re-
sults of WRF-CMAQ/CAM and WRF-CMAQ/RRTMG have significant improvements for15

SWCF, LWCF, COD, cloud fractions and precipitation over the ocean relative to those
of WRF default cases in August.

The results of model performance in September are similar to those in August except
that there is greater overestimation of PM2.5 due to the overestimations of SO2−

4 , NH+
4 ,

NO−
3 , and TC over the EUS and overestimations of TC over the WUS on the basis20

of the results at the STN urban sites, there is less underestimation of clouds (SWCF)
over the land areas due to about 10 % due to the lower SWCF values and less convec-
tive clouds relative to that in August, and all model results (WRF-CMAQ/CAM, WRF-
CMAQ/RRTMG, WRF/CAM and WRF/RRTMG) underestimated COD significantly in
the 4 km simulations but not for the 12 km simulations.25

Since convective clouds play an important role in determining our climate state, es-
pecially for the summer season, it is imperative to include convection-aerosol interac-
tions. Realistically, it is a big challenge to quantify the response of convective clouds
to aerosols because of the complexity and nonlinearity of interactions involving photo-
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chemistry, aerosols, liquid and ice-phase clouds and precipitation microphysics, radia-
tion, dynamics and surface-atmosphere exchange over a wide range of spatiotemporal
scales (Seifert etal., 2012; Tao et al., 2012). The developmental work for linking the
CMAQ predicted aerosol fields to the two-moment microphysics scheme in the mod-
ified Kain–Fritsch convective scheme is under way and will be accomplished in the5

future.
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Table 1. Model configurations and components.

Simulation period 1 Aug–15 Oct 2006

Domain Continental US (CONUS), Eastern Texas

Horizontal grid spacing 12 km (Continental US), 4 km (Eastern Texas)

Number of verticals levels 34 layers

Shortwave radiation scheme CAM scheme (Collins et al., 2004), rrtmg scheme (Iacono et al., 2008)

Longwave radiation scheme CAM scheme (Collins et al., 2004), rrtmg scheme (Iacono et al., 2008)

Land–Surface Model Pleim-Xiu LSM (Pleim and Xiu, 1995; Xiu and Pleim, 2001)

Planetary Boundary Layer Asymmetrical Convective Model version 2 (ACM2) PBL (Pleim, 2007)

Cloud Microphysics Morrison et al., 2-monent scheme (Morrison et al., 2009, 2005; Morrison and
Pinto, 2006)

Cumulus Parameterization Kain–Fritsch scheme (Kain and Fritsch, 1990, 1993) for CONUS (12 km), no for
4 km resolution run

Meteorological initial
conditions

NAM-218

Meteorological boundary
conditions

NAM-218

Gas-phase chemistry CB05 (Yarwood et al., 2005)

Aerosol module AERO-6

Chemical BC GEOS-CHEM simulations (Bey et al., 2001), BCs at 4 km resolution are from the
12 km resolution simulations over the CONUS

Emission inventory 2005 NEI
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Table 2. Aerosol species for each mode in AERO6 of CMAQa (see the explanations in the text).

Nucleation (I) Accumulation (J) Coarse (K)

ASO4I, ANH4I, ANO3I,
APOCI, APNCOMI, AECI,
AOTHRI, AH2OI, ANAI,
ACLI

ASO4J, ANH4J, ANO3J,
AALKJ, AXYL1J, AXYL2J,
AXYL3J, ATOL1J, ATOL2J,
ATOL3J, ABNZ1J, ABNZ2J,
ABNZ3J, ATRP1J, ATRP2J,
AISO1J, AISO2J, ASQTJ,
AORGCJ, APOCJ, APNCOMJ,
AECJ, AOTHRJ, AH2OJ,
ANAJ, ACLJ, AISO3J,
AOLGAJ, AOLGBJ, AFEJ,
AALJ, ASIJ, ATIJ,
ACAJ, AMGJ, AKJ, AMNJ

ASO4K, ANH4K, ANO3K,
AH2OK, ACLK, ACORS,
ASOIL, ASEACAT

a Notes: Primary organic aerosol APOAI=APOCI+APNCOMI.
Primary organic aerosol APOAJ=APOCJ+APNCOMJ.
ANAK=0.8373 ·ASEACAT+0.0626 ·ASOIL+0.0023ACORS.
ASOILJ=2.2 ·AALJ+2.49 ·ASIJ+1.63 ·ACAJ+2.42 ·AFEJ+1.94 ·ATIJ.
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Table 3. Molecular weight (gmol−1), density (gcm−3) and hygroscopicity of each aerosol
species used in this study (see the explanations in the text).

Molecular weight Density Hygroscopicity

ASO4 96.0 1.8 0.50
ANO3 62.0 1.8 0.50
ANH4 18.0 1.8 0.50
AALK 150.0 2.0 0.14
AXYL 192.0 2.0 0.14
ATOL 168.0 2.0 0.14
ABNZ 144.0 2.0 0.14
ATRP 168.0 2.0 0.14
AISO 96.0 2.0 0.14
ASQT 378.0 2.0 0.14
AISO3 162.0 2.0 0.14
AOLGA 176.4 2.0 0.20
AOLGB 252.0 2.0 0.20
AORGC 177.0 2.0 0.50
APOA 220.0 2.0 0.14
AEC 12.0 2.2 1.0×10−6

AOTHR 200.0 2.2 0.10
ANA 23.0 2.2 1.16
ACL 35.0 2.2 1.16
ACORS 100.0 2.2 0.03
ASOIL 100.0 2.6 0.03
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Table 4. Comparison of WRF-CMAQ/CAM and WRF-CMAQ/RRTMG models for operational
evaluation of maximum 1 h and 8 h O3 concentrations on the basis of the AQS data over the
continental United States (12 km resolution model grid) and eastern Texas (4 km resolution
model grid) for August of 2006. “Domain mean” means the results on the basis of all data at
observational sites within the domain. ∗ The results in parentheses are from the simulations of
12 km resolution model grid over eastern Texas domain.

Domain Mean, ppbv
Max O3 Model Data points Obs Model MB, ppbv RMSE, ppbv NMB (%) NME (%) NMBF (%) NMEF (%) r

Over the continental US (12 km resolution model grid)
All data

8 h WRF-CMAQ (CAM) 33 278 50.2 52.9 2.7 12.4 5.3 18.7 5.3 18.7 0.641
8 h WRF-CMAQ (RRTMG) 33 278 50.2 52.9 2.6 12.3 5.2 18.7 5.2 18.7 0.637
1 h WRF-CMAQ (CAM) 33 278 56.9 59.4 2.5 14.2 4.5 18.6 4.5 18.6 0.625
1 h WRF-CMAQ (RRTMG) 33 278 56.9 59.1 2.2 14.1 3.8 18.5 3.8 18.5 0.623

For O3 > 40 ppbv
8 h WRF-CMAQ (CAM) 24 628 56.7 56.7 −0.1 11.5 −0.1 15.0 −0.1 15.0 0.511
8 h WRF-CMAQ (RRTMG) 24 628 56.7 56.5 −0.3 11.3 −0.4 14.8 −0.4 14.8 0.511
1 h WRF-CMAQ (CAM) 27 527 62.0 62.4 0.5 13.7 0.7 16.1 0.7 16.1 0.518
1 h WRF-CMAQ (RRTMG) 27 527 62.0 62.0 0.0 13.5 0.0 15.9 0.0 15.9 0.516

Over the eastern Texas (4 km resolution model grid)∗

All data

8 h WRF-CMAQ (CAM) 1854.0 43.1 59.3 (50.2) 16.2 (7.1) 22.0 (14.7) 37.5 (16.4) 42.8 (28.3) 37.5 (16.4) 42.8 (28.3) 0.562 (0.664)
8 h WRF-CMAQ (RRTMG) 1854.0 43.1 59.5 (50.2) 16.3 (7.1) 21.3 (14.5) 37.8 (16.4) 42.0 (27.8) 37.8 (16.4) 42.0 (27.8) 0.607 (0.656)
1 h WRF-CMAQ (CAM) 1854.0 51.2 68.1 (57.6) 16.9 (6.5) 25.1 (17.1) 33.1 (12.6) 40.2 (26.6) 33.1 (12.6) 40.2 (26.6) 0.538 (0.644)
1 h WRF-CMAQ (RRTMG) 1854.0 51.2 67.3 (56.8) 16.2 (5.7) 23.3 (16.8) 31.6 (11.1) 37.7 (26.1) 31.6 (11.1) 37.7 (26.1) 0.606 (0.645)

For O3 > 40 ppbv
8 h WRF-CMAQ (CAM) 996.0 55.7 66.1 (56.4) 10.4 (0.7) 17.7 (12.5) 18.7 (1.2) 25.7 (17.1) 18.7 (1.2) 25.7 (17.1) 0.296 (0.389)
8 h WRF-CMAQ (RRTMG) 996.0 55.7 66.2 (56.6) 10.5 (0.9) 16.6 (12.7) 18.8 (1.5) 24.6 (17.0) 18.8 (1.5) 24.6 (17.0) 0.357 (0.360)
1 h WRF-CMAQ (CAM) 1206.0 62.5 74.0 (63.1) 11.5 (0.7) 21.3 (15.6) 18.4 (1.1) 27.1 (18.3) 18.4 (1.1) 27.1 (18.3) 0.362 (0.422)
1 h WRF-CMAQ (RRTMG) 1206.0 62.5 73.2 (62.3) 10.7 (−0.2) 19.3 (15.9) 17.1 (−0.3) 24.7 (18.4) 17.1 (−0.3) 24.7 (18.4) 0.446 (0.392)

25701

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/25649/2013/acpd-13-25649-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/25649/2013/acpd-13-25649-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 25649–25739, 2013

Aerosol indirect
effect in the two-way
coupled WRF-CMAQ

S. Yu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 5a. Comparison of observation and models (WRF-CMAQ/CAM and WRF-
CMAQ/RRTMG) for PM2.5 and its components for each network over the eastern US (longitude
>−100◦) for August of 2006∗.

AIRNow CASTNet IMPROVE STN
PM2.5 SO2+

4 NH+
4 NO−

3 SO2 TotS PM2.5 SO2−
4 NO−

3 OC EC TC PM2.5 SO2−
4 NH+

4 NO−
3 TC

WRF-CMAQ/CAM
Mean (Obs) 15.26 5.59 1.62 0.35 0.91 3.16 10.81 4.73 0.28 1.50 0.39 1.89 17.47 4.94 1.58 0.54 4.72
Mean (Model) 16.08 4.05 1.25 0.41 1.83 3.97 9.38 4.14 0.43 1.89 0.61 2.50 17.35 4.55 1.63 0.89 4.83
Number 7318 231 231 231 231 231 489 307 307 484 478 484 817 886 886 850 895
Correlation 0.40 0.81 0.73 0.21 0.78 0.83 0.51 0.57 0.28 0.48 0.58 0.51 0.22 0.49 0.48 0.36 0.32
MB 0.81 −1.54 −0.37 0.07 0.92 0.80 −1.43 −0.59 0.14 0.39 0.22 0.60 −0.12 −0.39 0.04 0.35 0.10
RMSE 10.70 2.43 0.76 0.67 1.30 1.68 8.32 3.68 0.90 1.79 1.05 2.73 12.94 3.64 1.37 1.26 3.26
NMB (%) 5.3 −27.6 −23.0 19.4 101.1 25.3 −13.2 −12.5 50.4 25.9 54.9 31.9 −0.7 −7.9 2.8 64.2 2.2
NME (%) 49.9 33.3 35.0 112.1 105.5 35.6 51.4 53.5 141.9 62.7 97.5 68.0 53.9 53.1 61.5 130.7 48.9
NMBF (%) 5.3 −38.1 −29.9 19.4 101.1 25.3 −15.2 −14.3 50.4 25.9 54.9 31.9 −0.7 −8.5 2.8 64.2 2.2
NMEF (%) 49.9 46.0 45.4 112.1 105.5 35.6 59.2 61.2 141.9 62.7 97.5 68.0 54.3 57.6 61.5 130.7 48.9

WRF-CMAQ/RRTMG
Mean (Obs) 15.26 5.59 1.62 0.35 0.91 3.16 10.81 4.73 0.28 1.50 0.39 1.89 17.47 4.94 1.58 0.54 4.72
Mean (Model) 15.25 3.79 1.17 0.38 1.81 3.85 8.99 3.84 0.35 1.86 0.60 2.45 16.39 4.21 1.48 0.74 4.68
Number 7318 231 231 231 231 231 489 307 307 484 478 484 817 886 886 850 895
Correlation 0.40 0.81 0.74 0.21 0.78 0.83 0.51 0.59 0.26 0.50 0.60 0.54 0.23 0.54 0.52 0.34 0.33
MB −0.02 −1.80 −0.45 0.03 0.90 0.69 −1.82 −0.90 0.06 0.36 0.20 0.56 −1.08 −0.73 −0.11 0.20 −0.04
RMSE 10.20 2.62 0.79 0.64 1.26 1.55 8.02 3.59 0.69 1.68 0.99 2.57 12.56 3.45 1.25 1.06 3.12
NMB (%) −0.1 −32.1 −27.7 9.7 98.9 21.8 −16.8 −18.9 22.4 23.8 52.2 29.7 −6.2 −14.8 −6.7 37.1 −0.9
NME (%) 48.6 36.3 36.7 107.6 103.0 33.0 51.0 53.2 121.0 59.9 94.0 65.0 52.5 50.0 56.4 115.1 47.8
NMBF (%) −0.1 −47.4 −38.4 9.7 98.9 21.8 −20.2 −23.3 22.4 23.8 52.2 29.7 −6.6 −17.4 −7.2 37.1 −0.9
NMEF (%) 48.7 53.5 50.8 107.6 103.0 33.0 61.3 65.7 121.0 59.9 94.0 65.0 56.0 58.7 60.5 115.1 48.2

∗ The unit of Mean, MB, RMSE is µgm−3, SO2 is ppb, and TotS is total sulfur (SO2−
4 +SO2) concentrations (µgSm−3).

25702

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/25649/2013/acpd-13-25649-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/25649/2013/acpd-13-25649-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 25649–25739, 2013

Aerosol indirect
effect in the two-way
coupled WRF-CMAQ

S. Yu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 5b. Comparison of observation and models (WRF-CMAQ/CAM and WRF-
CMAQ/RRTMG) for PM2.5 and its components for each network over the western US (longitude
<−100◦) for August of 2006∗.

AIRNow CASTNet IMPROVE STN
PM2.5 SO2+

4 NH+
4 NO−

3 SO2 TotS PM2.5 SO2−
4 NO−

3 OC EC TC PM2.5 SO2−
4 NH+

4 NO−
3 TC

WRF-CMAQ/CAM
Mean (Obs) 9.15 1.06 0.34 0.37 0.18 0.61 5.61 0.77 0.22 1.83 0.28 2.11 11.37 1.68 0.79 1.26 5.32
Mean (Model) 9.19 0.81 0.23 0.07 0.27 0.65 6.45 0.88 0.11 2.77 0.59 3.36 11.53 1.61 0.42 0.24 4.94
Number 1988 94 94 94 94 94 705 501 501 701 701 701 253 269 269 261 252
Correlation 0.18 0.70 0.32 0.13 0.34 0.48 0.38 0.37 0.24 0.61 0.52 0.60 0.14 0.50 0.35 0.02 0.33
MB 0.04 −0.25 −0.12 −0.30 0.08 0.04 0.84 0.11 −0.12 0.94 0.31 1.25 0.17 −0.07 −0.37 −1.02 −0.37
RMSE 11.63 0.40 0.18 0.47 0.23 0.36 14.51 0.57 0.46 7.11 1.60 8.63 9.69 1.04 0.97 2.25 4.10
NMB (%) 0.4 −23.9 −34.1 −80.6 47.0 6.0 15.0 13.9 −51.9 51.4 110.6 59.2 1.5 −4.2 −47.3 −81.1 −7.0
NME (%) 50.9 29.3 42.9 91.1 77.6 39.4 79.9 51.5 102.9 101.8 153.2 107.3 51.5 42.9 61.7 89.1 48.5
NMBF (%) 0.4 −31.4 −51.7 −415.3 47.0 6.0 15.0 13.9 −107.7 51.4 110.6 59.2 1.5 −4.4 −89.6 −427.9 −7.6
NMEF (%) 50.9 38.5 65.1 469.2 77.6 39.4 79.9 51.5 213.8 101.8 153.2 107.3 51.5 44.8 117.0 470.3 52.2

WRF-CMAQ/RRTMG
Mean (Obs) 9.15 1.06 0.34 0.37 0.18 0.61 5.61 0.77 0.22 1.83 0.28 2.11 11.37 1.68 0.79 1.26 5.32
Mean (Model) 8.67 0.80 0.22 0.07 0.27 0.65 6.01 0.86 0.09 2.54 0.54 3.08 10.77 1.52 0.37 0.20 4.65
Number 1988 94 94 94 94 94 705 501 501 701 701 701 253 269 269 261 252
Correlation 0.18 0.70 0.33 0.16 0.36 0.50 0.38 0.38 0.25 0.61 0.52 0.60 0.13 0.48 0.30 −0.01 0.36
MB −0.48 −0.26 −0.12 −0.30 0.09 0.04 0.40 0.09 −0.14 0.71 0.26 0.97 −0.60 −0.16 −0.42 −1.06 −0.66
RMSE 10.06 0.41 0.19 0.47 0.22 0.35 13.20 0.55 0.39 6.38 1.45 7.76 8.26 1.04 1.00 2.27 3.41
NMB (%) −5.2 −24.5 −35.9 −82.3 47.5 5.9 7.1 11.6 −61.1 38.6 94.5 46.0 −5.3 −9.5 −53.6 −84.1 −12.5
NME (%) 48.7 29.6 43.6 90.2 77.2 39.0 74.7 49.8 97.4 92.8 140.0 97.4 48.8 41.2 63.9 90.4 45.5
NMBF (%) −5.5 −32.5 −56.1 −464.6 47.5 5.9 7.1 11.6 −157.0 38.6 94.5 46.0 −5.6 −10.5 −115.5 −528.5 −14.3
NMEF (%) 51.4 39.2 68.0 509.4 77.2 39.0 74.7 49.8 250.3 92.8 140.0 97.4 51.5 45.6 137.8 567.9 52.0

∗ The unit of Mean, MB, RMSE is µgm−3, SO2 is ppb, and TotS is total sulfur (SO2−
4 +SO2) concentrations (µgSm−3).
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Table 6. Comparison of observation and models (WRF-CMAQ/CAM and WRF-CMAQ/RRTMG)
for PM2.5 and its components for each network over the eastern Texas from the simulations of
4 km and 12 km resolution model grids for August of 2006∗.

AIRNow STN AIRNow STN
PM2.5 PM2.5 SO2−

4 NH+
4 NO−

3 TC PM2.5 PM2.5 SO2−
4 NH+

4 NO−
3 TC

WRF-CMAQ/CAM-4 km WRF-CMAQ/CAM-12 km
Mean (Obs) 12.45 12.55 3.32 0.41 1.01 2.71 12.45 12.55 3.32 0.41 1.01 2.71
Mean (Model) 20.59 24.14 3.54 0.32 0.85 6.57 17.06 17.95 1.91 0.17 0.44 5.50
Number 245 17 46 19 46 50 245 17 46 19 46 50
Correlation 0.37 −0.49 0.33 0.41 0.44 0.19 0.38 0.15 0.46 0.70 0.59 0.24
MB 8.14 11.59 0.22 −0.09 −0.17 3.86 4.61 5.41 −1.42 −0.23 −0.58 2.79
RMSE 18.45 17.00 1.92 0.26 0.60 5.36 14.15 9.59 1.94 0.27 0.72 5.00
NMB (%) 65.4 92.4 6.7 −22.2 −16.4 142.7 37.1 43.1 −42.6 −57.3 −56.9 103.1
NME (%) 85.1 112.2 47.7 53.7 46.0 149.4 65.2 60.3 48.6 60.7 60.4 121.2
NMBF (%) 65.4 92.4 6.7 −28.6 −19.7 142.7 37.1 43.1 −74.3 −134.0 −131.8 103.1
NMEF (%) 85.1 112.2 47.7 69.1 55.1 149.4 65.2 60.3 84.7 142.0 139.9 121.2

WRF-CMAQ/RRTMG-4 km WRF-CMAQ/RRTMG-12 km
Mean (Obs) 12.45 12.55 3.32 0.41 1.01 2.71 12.45 12.55 3.32 0.41 1.01 2.71
Mean (Model) 17.06 19.25 3.07 0.16 0.67 5.12 12.70 14.15 1.73 0.06 0.38 4.58
Number 245 17 46 19 46 50 245 17 46 19 46 50
correlation 0.38 −0.44 0.40 0.60 0.57 0.12 0.33 0.10 0.53 0.70 0.64 0.26
MB 4.61 6.71 −0.25 −0.25 −0.34 2.41 0.25 1.60 −1.60 −0.35 −0.64 1.88
RMSE 14.15 12.42 1.70 0.28 0.58 3.89 11.40 5.94 1.99 0.37 0.76 4.01
NMB (%) 37.06 53.4 −7.6 −61.1 −33.8 89.1 2.0 12.7 −48.0 −84.3 −62.9 69.3
NME (%) 65.24 81.7 42.5 62.0 44.8 101.8 61.7 40.9 49.8 84.3 62.9 94.1
NMBF (%) 37.06 53.4 −8.3 −157.0 −51.0 89.1 2.0 12.7 −92.4 −538.6 −169.7 69.3
NMEF (%) 65.24 81.7 46.0 159.2 67.7 101.8 61.7 40.9 95.9 538.6 169.7 94.1

∗ The unit of Mean, MB, and RMSE is µgm−3.
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Table 7a. The same as Table 5a but for September of 2006 for EUS.

AIRNow CASTNet IMPROVE STN
PM2.5 SO2+

4 NH+
4 NO−

3 SO2 TotS PM2.5 SO2−
4 NO−

3 OC EC TC PM2.5 SO2−
4 NH+

4 NO−
3 TC

WRF-CMAQ/CAM
Mean (Obs) 11.84 4.39 0.36 1.35 0.72 2.49 8.01 3.07 0.29 1.27 0.37 1.64 12.04 3.83 1.35 0.59 4.04
Mean (Model) 15.44 3.96 0.54 1.20 1.66 3.69 8.89 3.66 0.52 1.68 0.55 2.23 16.57 4.60 1.69 1.11 4.56
Number 7182 170 170 170 170 170 515 351 351 508 507 508 806 842 842 807 858
correlation 0.48 0.94 0.35 0.86 0.79 0.87 0.49 0.64 0.50 0.48 0.65 0.52 0.50 0.69 0.64 0.53 0.48
MB 3.60 −0.43 0.18 −0.15 0.94 1.20 0.88 0.60 0.23 0.41 0.18 0.59 4.53 0.77 0.34 0.53 0.52
RMSE 10.42 1.03 0.61 0.45 1.18 1.61 8.36 2.78 0.92 1.86 1.05 2.81 11.33 2.73 1.13 1.30 3.37
NMB (%) 30.42 −9.82 50.33 −11.37 130.87 48.26 11.00 19.41 80.65 32.22 49.46 36.07 37.63 19.99 25.10 89.51 12.96
NME (%) 56.18 16.29 109.08 24.14 132.06 51.09 53.56 54.66 151.43 71.91 90.54 74.33 60.07 48.15 57.36 129.95 55.23
NMBF (%) 30.42 −10.89 50.33 −12.83 130.87 48.26 11.00 19.41 80.65 32.22 49.46 36.07 37.63 19.99 25.10 89.51 12.96
NMEF (%) 56.18 18.07 109.08 27.23 132.06 51.09 53.56 54.66 151.43 71.91 90.54 74.33 60.07 48.15 57.36 129.95 55.23

WRF-CMAQ/RRTMG
Mean (Obs) 11.84 4.39 0.36 1.35 0.72 2.49 8.01 3.07 0.29 1.27 0.37 1.64 12.04 3.83 1.35 0.59 4.04
Mean (Model) 15.07 3.91 0.53 1.18 1.68 3.70 8.84 3.54 0.54 1.72 0.56 2.28 16.31 4.40 1.62 1.08 4.57
Number 7182 170 170 170 170 170 515 351 351 508 507 508 806 842 842 807 858
Correlation 0.49 0.93 0.32 0.87 0.79 0.87 0.53 0.69 0.42 0.50 0.65 0.53 0.53 0.72 0.68 0.56 0.49
MB 3.23 −0.48 0.17 −0.17 0.96 1.21 0.83 0.47 0.25 0.45 0.19 0.64 4.27 0.57 0.27 0.49 0.53
RMSE 9.83 1.13 0.59 0.44 1.18 1.60 7.44 2.37 0.97 1.79 1.00 2.70 10.56 2.45 1.02 1.28 3.22
NMB (%) 27.29 −10.91 48.26 −12.27 132.81 48.43 10.35 15.35 86.29 35.25 51.55 38.90 35.46 14.81 20.01 83.97 13.04
NME (%) 54.20 18.14 108.30 23.97 134.56 50.77 52.74 51.71 159.45 70.65 89.26 72.93 57.54 45.95 54.00 126.77 53.23
NMBF (%) 27.29 −12.25 48.26 −13.99 132.81 48.43 10.35 15.35 86.29 35.25 51.55 38.90 35.46 14.81 20.01 83.97 13.04
NMEF (%) 54.20 20.36 108.30 27.32 134.56 50.77 52.74 51.71 159.45 70.65 89.26 72.93 57.54 45.95 54.00 126.77 53.23
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Table 7b. The same as Table 5b but for September of 2006 for WUS.

AIRNow CASTNet IMPROVE STN
PM2.5 SO2+

4 NH+
4 NO−

3 SO2 TotS PM2.5 SO2−
4 NO−

3 OC EC TC PM2.5 SO2−
4 NH+

4 NO−
3 TC

WRF-CMAQ/CAM
Mean (Obs) 9.80 0.81 0.34 0.29 0.14 0.47 5.17 0.64 0.22 1.68 0.28 1.95 12.03 1.43 0.75 1.33 5.92
Mean(Model) 16.17 0.72 0.09 0.19 0.28 0.63 6.43 0.75 0.16 2.64 0.54 3.17 22.12 1.59 0.70 1.42 11.02
Number 1992 75 75 75 75 75 712 562 562 703 710 706 251 252 252 245 250
Correlation 0.48 0.80 0.07 0.50 0.43 0.58 0.66 0.59 0.28 0.60 0.34 0.57 0.24 0.53 0.29 0.19 0.39
MB 6.37 −0.09 −0.25 −0.10 0.13 0.16 1.26 0.11 −0.06 0.96 0.26 1.22 10.10 0.16 −0.05 0.09 5.11
RMSE 15.19 0.28 0.47 0.16 0.22 0.32 9.53 0.48 0.51 4.81 1.22 5.86 27.76 1.06 1.25 3.53 14.80
NMB (%) 65.01 −11.30 −72.91 −33.06 95.02 34.45 24.29 17.46 −27.57 57.48 93.52 62.71 83.97 11.25 −6.78 6.77 86.34
NME (%) 89.46 22.74 85.92 44.67 107.42 46.94 71.31 48.55 103.08 100.50 141.18 105.74 108.48 48.17 79.37 108.25 112.65
NMBF (%) 65.01 −12.74 −269.13 −49.39 95.02 34.45 24.29 17.46 −38.06 57.48 93.52 62.71 83.97 11.25 −7.27 6.77 86.34
NMEF (%) 89.46 25.64 317.16 66.73 107.42 46.94 71.31 48.55 142.31 100.50 141.18 105.74 108.48 48.17 85.14 108.25 112.65

WRF-CMAQ/RRTMG
Mean (Obs) 9.80 0.81 0.34 0.29 0.14 0.47 5.17 0.64 0.22 1.68 0.28 1.95 12.03 1.43 0.75 1.33 5.92
Mean(Model) 15.16 0.71 0.08 0.19 0.28 0.63 5.94 0.74 0.13 2.39 0.50 2.88 20.37 1.47 0.60 1.18 10.21
Number 1992 75 75 75 75 75 712 562 562 703 710 706 251 252 252 245 250
Correlation 0.47 0.80 0.13 0.52 0.43 0.58 0.64 0.56 0.32 0.60 0.33 0.57 0.25 0.51 0.25 0.18 0.40
MB 5.36 −0.10 −0.26 −0.10 0.14 0.16 0.77 0.10 −0.09 0.72 0.22 0.94 8.35 0.04 −0.16 −0.15 4.30
RMSE 13.46 0.28 0.47 0.16 0.22 0.32 8.19 0.49 0.45 4.18 1.13 5.14 22.00 1.03 1.17 3.12 11.75
NMB (%) 54.74 −12.03 −75.47 −34.10 95.21 34.11 14.89 15.82 −39.94 42.83 78.81 48.05 69.40 2.69 −20.73 −11.13 72.66
NME (%) 81.22 22.66 84.16 44.33 107.42 46.88 64.32 47.73 94.15 87.99 127.87 93.06 96.46 45.98 76.83 102.99 100.57
NMBF (%) 54.74 −13.68 −307.65 −51.76 95.21 34.11 14.89 15.82 −66.51 42.83 78.81 48.05 69.40 2.69 −26.15 −12.53 72.66
NMEF (%) 81.22 25.76 343.09 67.27 107.42 46.88 64.32 47.73 156.77 87.99 127.87 93.06 96.46 45.98 96.92 115.89 100.57

The unit of Mean, MB, RMSE is µgm−3, SO2 is ppb, and TotS is total sulfur (SO2−
4 +SO2) concentrations (µgSm−3).
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Table 8. The same as Table 6 but for September of 2006.

AIRNow STN AIRNow STN
PM2.5 PM2.5 SO2

4 NH+
4 NO−

3 TC PM2.5 PM2.5 SO2
4 NH+

4 NO−
3 TC

WRF-CMAQ/CAM-4 km WRF-CMAQ/CAM-12 km
Mean (Obs) 12.65 15.05 4.31 1.68 0.50 4.41 12.65 15.05 4.31 1.68 0.50 4.41
Mean (Model) 22.73 27.03 4.47 1.28 0.37 8.66 21.45 27.64 4.38 1.38 0.87 8.38
Number 264 19 48 48 19 52 264 19 48 48 19 52
Correlation 0.40 0.71 0.73 0.65 0.12 0.53 0.33 0.74 0.75 0.63 0.08 0.74
MB 10.08 11.98 0.16 −0.40 −0.13 4.25 8.80 12.59 0.07 −0.29 0.38 3.97
RMSE 19.38 15.18 1.94 1.13 0.47 5.79 20.39 14.40 1.81 1.13 1.20 4.70
NMB (%) 79.66 79.60 3.79 −23.84 −26.29 96.31 69.56 83.63 1.66 −17.46 75.44 89.88
NME (%) 95.57 81.23 32.97 41.37 64.19 100.46 86.95 83.63 33.79 47.61 135.37 91.53
NMBF (%) 79.66 79.60 3.79 −31.30 −35.66 96.31 69.56 83.63 1.66 −21.16 75.44 89.88
NMEF (%) 95.57 81.23 32.97 54.32 87.08 100.46 86.95 83.63 33.79 57.69 135.37 91.53

WRF-CMAQ/RRTMG-4 km WRF-CMAQ/RRTMG-12 km
Mean (Obs) 12.65 15.05 4.31 1.68 0.50 4.41 12.65 15.05 4.31 1.68 0.50 4.41
Mean (Model) 20.68 23.45 4.07 1.16 0.37 7.21 20.53 25.95 4.15 1.27 0.77 7.85
Number 264 19 48 48 19 52 264 19 48 48 19 52
Correlation 0.42 0.78 0.76 0.67 0.18 0.52 0.32 0.60 0.75 0.57 −0.03 0.70
MB 8.03 8.39 −0.24 −0.52 −0.13 2.80 7.88 10.90 −0.16 −0.40 0.28 3.43
RMSE 16.84 10.42 1.73 1.17 0.42 4.17 19.25 13.83 1.79 1.22 1.60 4.20
NMB (%) 63.48 55.76 −5.63 −30.91 −25.44 63.46 62.31 72.39 −3.76 −24.05 55.25 77.81
NME (%) 81.45 56.35 29.46 40.54 62.80 70.61 81.27 72.39 32.49 46.83 147.27 80.14
NMBF (%) 63.48 55.76 −5.97 −44.73 −34.13 63.46 62.31 72.39 −3.91 −31.67 55.25 77.81
NMEF (%) 81.45 56.35 31.22 58.68 84.23 70.61 81.27 72.39 33.76 61.66 147.27 80.14

The unit of Mean, MB, and RMSE is µgm−3.
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Table 9. Comparison of observation and models (WRF-CMAQ/CAM, WRF-CMAQ/RRTMG,
WRF/CAM and WRF/RRTMG) for monthly SWCF (Wm−2) over the land and ocean of the
eastern US and western US (in parentheses) of the CONUS from 12 km resolution simulations
and over the eastern Texas from the 4 km resolution simulations (the results in parentheses are
from the 12 km resolution simulation) in August and September of 2006.

August September
12 km, Land 12 km, Ocean 4 km 12 km, Land 12 km, Ocean 4 km

WRF-CMAQ/CAM
Mean (Obs) −60.90 (−37.18) −52.60 (−62.29) −33.29 (−34.34) −55.60 (−34.63) −50.79 (−49.24) −37.02 (−36.63)
Mean (Model) −53.75 (−27.58) −48.53 (−68.02) −31.58 (−24.06) −54.97 (−33.01) −58.62 (−54.78) −32.61 (−33.57)
Number 982 (1385) 1124 (997) 309 (79.00) 866 (1104) 1080 (783) 256 (55.00)
correlation 0.96 (0.96) 0.90 (0.91) 0.70 (0.82) 0.91 (0.94) 0.95 (0.90) 0.79 (0.91)
MB 7.15 (9.60) 4.08 (−5.73) 1.71 (10.29) 0.63 (1.62) −7.83 (−5.53) 4.41 (3.06)
RMSE 10.29 (11.10) 14.53 (19.08) 6.89 (11.68) 6.56 (5.53) 11.76 (11.45) 6.34 (5.71)
NMB (%) −11.74 (−25.82) −7.75 (9.20) −5.13 (−29.95) −1.13 (−4.67) 15.41 (11.24) −11.90 (−8.36)
NME (%) −14.41 (−27.14) −24.12 (−25.51) −16.09 (−30.98) −9.10 (−11.81) −18.85 (−17.26) −13.67 (−12.98)

WRF-CMAQ/RRTMG
Mean (Obs) −60.90 (−37.18) −52.60 (−62.29) −33.29 (−34.34) −55.60 (−34.63) −50.79 (−49.24) −37.02 (−36.63)
Mean (Model) −47.23 (−24.76) −40.14 (−53.17) −30.90 (−21.14) −63.26 (−37.84) −67.43 (−60.09) −38.15 (−38.78)
Number 982 (1385) 1124 (997) 309 (79.00) 866 (1104) 1080 (783) 256 (55.00)
correlation 0.96 (0.95) 0.93 (0.92) 0.45 (0.85) 0.91 (0.95) 0.95 (0.89) 0.85 (0.91)
MB 13.67 (12.42) 12.46 (9.12) 2.38 (13.21) −7.66 (−3.21) −16.64 (−10.85) −1.13 (−2.15)
RMSE 14.74 (14.13) 14.25 (15.44) 9.55 (14.21) 10.76 (7.25) 20.55 (16.22) 4.42 (6.27)
NMB (%) −22.45 (−33.40) −23.69 (−14.64) −7.16 (−38.45) 13.77 (9.27) 32.75 (22.03) 3.05 (5.87)
NME (%) −22.72 (−34.62) −24.13 (−20.12) −22.41 (−38.45) −16.13 (−15.73) −33.73 (−26.57) −9.12 (−13.53)

WRF/CAM
Mean (Obs) −60.90 (−37.18) −52.60 (−62.29) −33.29 (−34.34) −55.60 (−34.63) −50.79 (−49.24) −37.02 (−36.63)
Mean (Model) −51.13 (−39.54) −98.18 (−75.41) −25.42 (−67.60) −73.91 (−44.80) −100.61 (−104.76) −30.03 (−48.61)
Number 982 (1385) 1124 (997) 309 (79.00) 866 (1104) 1080 (783) 256 (55.00)
correlation 0.37 (0.39) −0.69 (−0.54) 0.75 (0.28) 0.60 (0.78) 0.18 (0.41) 0.85 (0.65)
MB 9.77 (−2.36) −45.57 (−13.12) 7.86 (−33.26) −18.31 (−10.18) −49.82 (−55.52) 6.98 (−11.98)
RMSE 22.29 (17.10) 65.55 (53.41) 10.71 (46.63) 27.79 (17.96) 59.71 (62.96) 8.33 (26.28)
NMB (%) −16.04 (6.34) 86.64 (21.07) −23.63 (96.84) 32.93 (29.39) 98.09 (112.74) −18.87 (32.70)
NME (%) −31.26 (−37.33) −101.43 (−74.98) −27.89 (−102.13) −37.42 (−35.08) −98.19 (−112.76) −19.12 (−51.08)

WRF/RRTMG
Mean (Obs) −60.90 (−37.18) −52.60 (−62.29) −33.29 (−34.34) −55.60 (−34.63) −50.79 (−49.24) −37.02 (−36.63)
Mean (Model) −39.36 (−27.71) −78.20 (−51.05) −23.84 (−43.09) −65.77 (−40.67) −92.61 (−94.48) −26.57 (−44.63)
Number 982 (1385) 1124 (997) 309 (79.00) 866 (1104) 1080 (783) 256 (55.00)
correlation 0.72 (0.59) −0.52 (−0.54) 0.76 (0.34) 0.57 (0.76) 0.10 (0.35) 0.84 (0.62)
MB 21.54 (9.47) −25.60 (11.24) 9.44 (−8.74) −10.17 (−6.04) −41.82 (−45.23) 10.44 (−7.99)
RMSE 25.30 (17.63) 45.41 (49.62) 11.54 (27.39) 22.69 (14.95) 54.15 (54.49) 11.32 (24.53)
NMB (%) −35.37 (−25.46) 48.67 (−18.04) −28.37 (25.46) 18.29 (17.44) 82.33 (91.86) −28.21 (21.82)
NME (%) −37.99 (−37.94) −69.04 (−68.10) −30.56 (−55.10) −29.66 (−28.01) −82.69 (−92.08) −28.25 (−50.55)
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Table 10. Same Table 9 but for monthly LWCF in August and September of 2006.

August September
12 km, Land 12 km, Ocean 4 km 12 km, Land 12 km, Ocean 4 km

WRF-CMAQ/CAM
Mean (Obs) 30.26 (30.33) 29.34 (21.97) 25.36 (27.45) 29.65 (25.84) 34.16 (27.89) 27.06 (28.03)
Mean (Model) 21.83 (19.97) 23.47 (15.84) 26.04 (20.67) 18.56 (16.68) 34.93 (28.24) 21.53 (21.38)
Number 982 (1404) 1124 (1013) 309 (79.00) 866 (1108) 1080 (783) 256 (55.00)
correlation 0.78 (0.85) 0.77 (0.90) 0.59 (0.82) 0.77 (0.87) 0.85 (0.88) 0.90 (0.76)
MB −8.43 (−10.36) −5.86 (−6.13) 0.68 (−6.78) −11.08 (−9.17) 0.77 (0.35) −5.53 (−6.65)
RMSE 8.76 (11.05) 6.71 (7.03) 7.47 (7.45) 11.44 (9.61) 5.90 (4.84) 7.04 (8.89)
NMB (%) −27.86 (−34.15) −19.99 (−27.90) 2.69 (−24.69) −37.39 (−35.46) 2.25 (1.25) −20.44 (−23.74)
NME (%) 27.91 (34.18) 20.44 (28.28) 23.41 (24.93) 37.66 (35.92) 13.97 (13.74) 22.22 (28.85)

WRF-CMAQ/RRTMG
Mean (Obs) 30.26 (30.33) 29.34 (21.97) 25.36 (27.45) 29.65 (25.84) 34.16 (27.89) 27.06 (28.03)
Mean (Model) 20.95 (19.58) 21.21 (14.33) 23.29 (19.86) 18.69 (16.15) 31.66 (25.49) 23.13 (20.05)
Number 982 (1404) 1124 (1013) 309 (79.00) 866 (1108) 1080 (783) 256 (55.00)
correlation 0.75 (0.85) 0.79 (0.91) 0.63 (0.82) 0.80 (0.89) 0.87 (0.89) 0.86 (0.77)
MB −9.31 (−10.75) −8.13 (−7.64) −2.07 (−7.59) −10.96 (−9.69) −2.50 (−2.40) −3.93 (−7.97)
RMSE 9.63 (11.42) 8.66 (8.37) 7.38 (8.17) 11.27 (10.07) 5.56 (4.82) 6.31 (9.22)
NMB (%) −30.76 (−35.45) −27.70 (−34.79) −8.15 (−27.64) −36.96 (−37.51) −7.32 (−8.62) −14.52 (−28.45)
NME (%) 30.80 (35.47) 27.80 (34.81) 24.07 (27.84) 37.19 (37.82) 13.34 (14.15) 20.57 (29.54)

WRF/CAM
Mean (Obs) 30.26 (30.33) 29.34 (21.97) 25.36 (27.45) 29.65 (25.84) 34.16 (27.89) 27.06 (28.03)
Mean (Model) 37.28 (46.10) 81.49 (55.94) 26.39 (76.03) 23.22 (19.77) 50.28 (50.90) 26.21 (25.28)
Number 982 (1404) 1124 (1013) 309 (79.00) 866 (1108) 1080 (783) 256 (55.00)
correlation 0.31 (0.27) −0.23 (0.55) 0.65 (−0.10) 0.10 (0.54) −0.30 (−0.20) 0.86 (0.67)
MB 7.02 (15.77) 52.15 (33.97) 1.03 (48.58) −6.42 (−6.07) 16.12 (23.01) −0.85 (−2.75)
RMSE 18.64 (22.29) 61.99 (47.38) 8.79 (54.47) 15.07 (10.45) 32.85 (33.46) 6.44 (17.69)
NMB (%) 23.20 (52.00) 177.77 (154.64) 4.06 (177.01) −21.66 (−23.49) 47.20 (82.52) −3.13 (−9.82)
NME (%) 32.84 (56.35) 178.14 (159.98) 28.18 (177.01) 39.66 (32.59) 62.71 (87.55) 21.31 (54.15)

WRF/RRTMG
Mean (Obs) 30.26 (30.33) 29.34 (21.97) 25.36 (27.45) 29.65 (25.84) 34.16 (27.89) 27.06 (28.03)
Mean (Model) 26.98 (29.23) 61.25 (38.51) 22.02 (43.34) 22.61 (18.95) 44.92 (46.00) 21.82 (22.98)
Number 982 (1404) 1124 (1013) 309 (79.00) 866 (1108) 1080 (783) 256 (55.00)
correlation 0.24 (0.43) −0.16 (0.61) 0.65 (0.06) 0.09 (0.54) −0.31 (−0.22) 0.87 (0.66)
MB −3.28 (−1.10) 31.91 (16.55) −3.34 (15.89) −7.04 (−6.89) 10.76 (18.11) −5.24 (−5.05)
RMSE 9.64 (9.14) 40.06 (26.74) 7.77 (25.71) 15.05 (10.85) 28.73 (28.98) 7.05 (16.31)
NMB (%) −10.84 (−3.63) 108.78 (75.33) −13.18 (57.91) −23.74 (−26.67) 31.51 (64.92) −19.36 (−18.03)
NME (%) 23.05 (23.02) 110.43 (89.61) 25.85 (65.80) 40.75 (34.80) 56.11 (74.25) 22.63 (50.45)
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Table 11. Same Table 9 but for monthly COD in August and September of 2006.

August September
12 km, Land 12 km, Ocean 4 km 12 km, Land 12 km, Ocean 4 km

WRF-CMAQ/CAM
Mean (Obs) 6.86 (4.99) 5.17 (6.09) 2.66 (3.72) 8.43 (7.30) 6.21 (6.01) 6.06 (5.71)
Mean (Model) 5.83 (2.39) 5.21 (5.85) 2.35 (1.83) 8.05 (5.21) 6.80 (6.44) 3.63 (4.67)
Number 790 (924) 738 (513) 255 (45.00) 987 (1195) 826 (509) 580 (63.00)
correlation 0.82 (0.91) 0.87 (0.92) 0.11 (0.50) 0.85 (0.93) 0.89 (0.90) 0.64 (0.84)
MB −1.02 (−2.59) 0.04 (−0.24) −0.30 (−1.89) −0.38 (−2.08) 0.58 (0.43) −2.44 (−1.04)
RMSE 1.85 (2.70) 2.02 (1.53) 1.04 (2.00) 1.64 (2.34) 1.91 (1.46) 3.02 (1.78)
NMB (%) −14.92 (−52.02) 0.83 (−4.01) −11.43 (−50.74) −4.47 (−28.56) 9.39 (7.15) −40.22 (−18.28)
NME (%) 22.16 (52.03) 34.23 (21.09) 27.92 (50.74) 14.82 (28.81) 25.14 (20.01) 40.72 (25.35)

WRF-CMAQ/RRTMG
Mean (Obs) 6.86 (4.99) 5.17 (6.09) 2.66 (3.72) 8.43 (7.30) 6.21 (6.01) 6.06 (5.71)
Mean (Model) 3.67 (1.44) 2.83 (2.95) 1.90 (1.02) 5.35 (3.48) 4.46 (3.93) 3.43 (3.06)
Number 790 (924) 738 (513) 255 (45.00) 987 (1195) 826 (509) 580 (63.00)
correlation 0.81 (0.90) 0.90 (0.88) 0.59 (0.64) 0.85 (0.93) 0.91 (0.89) 0.55 (0.87)
MB −3.18 (−3.55) −2.34 (−3.15) −0.76 (−2.70) −3.08 (−3.82) −1.76 (−2.08) −2.63 (−2.66)
RMSE 3.43 (3.67) 2.52 (3.47) 1.05 (2.75) 3.43 (4.02) 2.12 (2.32) 3.27 (2.94)
NMB (%) −46.43 (−71.10) −45.19 (−51.63) −28.60 (−72.56) −36.49 (−52.32) −28.26 (−34.56) −43.44 (−46.48)
NME (%) 46.62 (71.10) 45.23 (51.63) 32.95 (72.56) 36.70 (52.32) 29.32 (34.61) 43.82 (46.48)

WRF/CAM
Mean (Obs) 6.86 (4.99) 5.17 (6.09) 2.66 (3.72) 8.43 (7.30) 6.21 (6.01) 6.06 (5.71)
Mean (Model) 2.42 (1.28) 1.62 (1.56) 0.70 (1.43) 10.00 (6.59) 10.84 (10.05) 1.22 (6.05)
Number 790 (924) 738 (513) 255 (45.00) 987 (1195) 826 (509) 580 (63.00)
correlation 0.54 (0.81) 0.18 (0.81) 0.55 (−0.23) 0.67 (0.85) 0.75 (0.76) 0.10 (0.73)
MB −4.44 (−3.70) −3.55 (−4.53) −1.96 (−2.29) 1.57 (−0.70) 4.63 (4.04) −4.84 (0.34)
RMSE 4.79 (3.94) 4.14 (5.09) 2.08 (2.45) 3.40 (1.79) 5.55 (4.65) 5.35 (2.22)
NMB (%) −64.72 (−74.27) −68.62 (−74.33) −73.64 (−61.53) 18.65 (−9.62) 74.53 (67.28) −79.80 (5.99)
NME (%) 65.11 (74.27) 69.70 (74.33) 73.67 (61.64) 28.20 (18.65) 74.87 (67.38) 79.81 (28.66)

WRF/RRTMG
Mean (Obs) 6.86 (4.99) 5.17 (6.09) 2.66 (3.72) 8.43 (7.30) 6.21 (6.01) 6.06 (5.71)
Mean (Model) 0.72 (0.31) 0.45 (0.37) 0.34 (0.26) 6.78 (4.46) 7.48 (6.70) 0.56 (4.08)
Number 790 (924) 738 (513) 255 (45.00) 987 (1195) 826 (509) 580 (63.00)
correlation 0.71 (0.89) 0.42 (0.72) 0.61 (0.59) 0.66 (0.84) 0.73 (0.72) 0.06 (0.72)
MB −6.13 (−4.67) −4.72 (−5.73) −2.32 (−3.47) −1.65 (−2.83) 1.26 (0.69) −5.50 (−1.63)
RMSE 6.41 (4.93) 5.15 (6.31) 2.43 (3.52) 2.88 (3.24) 2.55 (1.86) 5.96 (2.38)
NMB (%) −89.43 (−93.71) −91.33 (−93.96) −87.33 (−93.12) −19.56 (−38.85) 20.35 (11.56) −90.76 (−28.57)
NME (%) 89.43 (93.71) 91.33 (93.96) 87.33 (93.12) 28.04 (39.98) 29.91 (21.73) 90.76 (34.72)
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Table 12. Same Table 9 but for monthly cloud fractions in August and September of 2006.

August September
12 km, Land 12 km, Ocean 4 km 12 km, Land 12 km, Ocean 4 km

WRF-CMAQ/CAM
Mean (Obs) 0.51 (0.38) 0.50 (0.56) 0.34 (0.35) 0.52 (0.37) 0.52 (0.51) 0.37 (0.38)
Mean (Model) 0.47 (0.35) 0.47 (0.58) 0.38 (0.31) 0.51 (0.34) 0.54 (0.49) 0.33 (0.35)
Number 560 (1031) 644 (764) 276 (61.00) 556 (888) 713 (685) 168 (43.00)
correlation 0.92 (0.97) 0.91 (0.86) 0.74 (0.94) 0.95 (0.97) 0.97 (0.87) 0.93 (0.78)
MB −0.05 (−0.03) −0.03 (0.02) 0.04 (−0.04) −0.01 (−0.03) 0.01 (−0.01) −0.04 (−0.02)
RMSE 0.06 (0.05) 0.05 (0.11) 0.07 (0.05) 0.04 (0.05) 0.04 (0.09) 0.07 (0.05)
NMB (%) −9.08 (−8.37) −5.67 (2.85) 11.13 (−11.21) −2.84 (−7.98) 2.60 (−2.89) −11.75 (−6.52)
NME (%) 9.42 (10.79) 8.92 (13.36) 17.06 (11.81) 5.34 (10.65) 5.49 (9.05) 14.48 (10.58)

WRF-CMAQ/RRTMG
Mean (Obs) 0.51 (0.38) 0.50 (0.56) 0.34 (0.35) 0.52 (0.37) 0.52 (0.51) 0.37 (0.38)
Mean (Model) 0.43 (0.34) 0.44 (0.51) 0.35 (0.30) 0.48 (0.33) 0.51 (0.45) 0.37 (0.35)
Number 560 (1031) 644 (764) 276 (61.00) 556 (888) 713 (685) 168 (43.00)
correlation 0.92 (0.97) 0.91 (0.90) 0.84 (0.93) 0.94 (0.97) 0.95 (0.74) 0.91 (0.70)
MB −0.08 (−0.05) −0.06 (−0.05) 0.02 (−0.05) −0.05 (−0.04) −0.01 (−0.05) 0.00 (−0.03)
RMSE 0.08 (0.06) 0.07 (0.10) 0.05 (0.06) 0.06 (0.05) 0.04 (0.13) 0.06 (0.06)
NMB (%) −15.28 (−12.19) −12.38 (−8.69) 4.50 (−14.74) −9.22 (−11.05) −1.77 (−10.76) −1.22 (−8.16)
NME (%) 15.30 (14.52) 12.64 (13.85) 12.64 (14.91) 9.65 (12.30) 6.09 (14.45) 15.02 (12.41)

WRF/CAM
Mean (Obs) 0.51 (0.38) 0.50 (0.56) 0.34 (0.35) 0.52 (0.37) 0.52 (0.51) 0.37 (0.38)
Mean (Model) 0.58 (0.59) 0.75 (0.76) 0.38 (0.80) 0.59 (0.39) 0.72 (0.72) 0.35 (0.50)
Number 560 (1031) 644 (764) 276 (61.00) 556 (888) 713 (685) 168 (43.00)
correlation −0.20 (0.48) −0.72 (0.14) 0.79 (−0.69) 0.71 (0.86) 0.01 (0.39) 0.93 (−0.02)
MB 0.07 (0.21) 0.25 (0.20) 0.04 (0.45) 0.06 (0.02) 0.19 (0.21) −0.03 (0.12)
RMSE 0.16 (0.26) 0.32 (0.30) 0.07 (0.49) 0.15 (0.10) 0.26 (0.28) 0.07 (0.27)
NMB (%) 13.69 (54.86) 49.70 (35.47) 10.54 (127.18) 11.61 (5.43) 37.01 (41.77) −7.42 (31.05)
NME (%) 23.43 (55.49) 53.58 (41.82) 17.49 (127.18) 21.70 (22.08) 37.83 (43.45) 14.79 (57.15)

WRF/RRTMG
Mean (Obs) 0.51 (0.38) 0.50 (0.56) 0.34 (0.35) 0.52 (0.37) 0.52 (0.51) 0.37 (0.38)
Mean (Model) 0.53 (0.53) 0.72 (0.68) 0.38 (0.71) 0.56 (0.38) 0.70 (0.70) 0.34 (0.49)
Number 560 (1031) 644 (764) 276 (61) 556 (888) 713 (685) 168 (43.00)
correlation 0.08 (0.50) −0.62 (−0.02) 0.78 (−0.62) 0.69 (0.85) −0.05 (0.35) 0.93 (−0.02)
MB 0.02 (0.15) 0.21 (0.12) 0.04 (0.35) 0.03 (0.01) 0.17 (0.19) −0.04 (0.11)
RMSE 0.12 (0.20) 0.28 (0.27) 0.08 (0.40) 0.14 (0.10) 0.26 (0.26) 0.07 (0.27)
NMB (%) 3.98 (38.62) 42.66 (20.72) 11.30 (100.80) 6.19 (2.26) 33.09 (37.74) −9.93 (28.42)
NME (%) 16.56 (40.58) 47.05 (39.27) 18.00 (100.89) 21.01 (21.84) 35.58 (39.89) 16.04 (58.83)
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Table 13. Comparison of observation (PRISM) and models (WRF-CMAQ/CAM, WRF-
CMAQ/RRTMG, WRF/CAM and WRF/RRTMG for monthly precipitation (inchmonth−1) over
the land of the eastern US and western US from 12 km resolution simulations and over the
eastern Texas from the 4 km resolution simulations in August and September of 2006.

August September
12 km (East) 12 km (West) 4 km 12 km (East) 12 km (West) 4 km

WRF-CMAQ/CAM
Mean (Obs) 3.86 1.58 1.77 3.99 1.48 3.35
Mean (Model) 5.40 2.91 1.39 3.12 1.40 2.72
Number 28 391 25 527 25 085 28 391 25 680 25 088
correlation 0.45 0.75 0.10 0.63 0.77 0.20
MB 1.54 1.33 −0.37 −0.87 −0.08 −0.63
RMSE 3.14 2.43 1.79 1.78 0.75 2.44
NMB (%) 39.96 83.77 −21.13 −21.81 −5.58 −18.81
NME (%) 59.46 94.98 71.46 35.01 35.14 54.04

WRF-CMAQ/RRTMG
Mean (Obs) 3.86 1.58 1.77 3.99 1.48 3.35
Mean (Model) 5.84 3.03 1.49 3.27 1.45 3.56
Number 28 391 25 527 25 085 28 391 25 680 25 088
correlation 0.43 0.77 0.23 0.62 0.77 0.33
MB 1.98 1.45 −0.27 −0.71 −0.03 0.21
RMSE 3.61 2.56 1.71 1.78 0.75 2.66
NMB (%) 51.34 91.30 −15.40 −17.85 −2.32 6.22
NME (%) 67.58 100.97 69.03 34.33 35.15 54.46

WRF/CAM
Mean (Obs) 3.86 1.58 1.77 3.99 1.48 3.35
Mean (Model) 4.38 3.44 1.24 2.40 1.23 2.94
Number 28 391 25 527 25 085 28 391 25 680 25 088
correlation 0.39 0.66 0.26 0.51 0.65 0.36
MB 0.52 1.86 −0.53 −1.59 −0.26 −0.42
RMSE 5.40 3.13 1.57 2.37 0.90 2.12
NMB (%) 13.38 117.52 −30.00 −39.89 −17.30 −12.39
NME (%) 70.66 127.25 63.49 47.06 42.54 45.27

WRF/RRTMG
Mean (Obs) 3.86 1.58 1.77 3.99 1.48 3.35
Mean (Model) 3.93 3.56 1.25 2.45 1.25 2.85
Number 28 391 25 527 25 085 28 391 25 680 25 088
correlation 0.44 0.57 0.25 0.50 0.63 0.36
MB 0.07 1.98 −0.52 −1.54 −0.24 −0.50
RMSE 2.71 3.56 1.56 2.36 0.91 2.10
NMB (%) 1.87 124.83 −29.20 −38.58 −16.06 −14.87
NME (%) 50.34 141.06 63.38 46.24 42.66 45.13

25712

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/25649/2013/acpd-13-25649-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/25649/2013/acpd-13-25649-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 25649–25739, 2013

Aerosol indirect
effect in the two-way
coupled WRF-CMAQ

S. Yu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 

(a) 

 

(b) 

Figure 1. The model domains of WRF-CMAQ for (a) a 4-km resolution model grid over east 

Texas and (b) a 12-km resolution model grid over the continental US for the results of SWCF in 

August of 2006.  
Fig. 1. The model domains of WRF-CMAQ for (a) a 4 km resolution model grid over east Texas
and (b) a 12 km resolution model grid over the continental US for the results of SWCF in August
of 2006.
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Fig. 2. The two-way coupled WRF-CMAQ modeling system.
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Fig. 3. Flow diagram for calculation of aerosol indirect effect (AIE) in the two-way coupled
WRF-CMAQ modeling system.
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(a)                                                                                              (b) 

Figure 4. Scatter plots of the modeled (CAM (WRF-CMAQ/CAM) and RRTMG (WRF-CMAQ/RRTMG)) and observed 8-hr O3 
concentrations (ppbv) at the AIRNow monitoring sites (a) over the continental U.S.(12-km resolution model grid); (b) the results over 
eastern Texas from the simulations at 4-km and the 12-km resolution model grids.   

Fig. 4. Scatter plots of the modeled (CAM (WRF-CMAQ/CAM) and RRTMG (WRF-
CMAQ/RRTMG)) and observed 8 h O3 concentrations (ppbv) at the AIRNow monitoring sites
(a) over the continental US (12 km resolution model grid); (b) the results over eastern Texas
from the simulations at 4 km and the 12 km resolution model grids.
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(a)                                                                                      (b) 

Figure 5. Scatter plots of the modeled (CAM (WRF-CMAQ/CAM) and RRTMG (WRF-CMAQ/RRTMG)) and observed daily PM2.5 
concentrations at the AIRNow monitoring sites (a) over the continental U.S.(12-km resolution model grid); (b) over eastern Texas 
from the simulations at 4-km and the 12-km resolution model grids 

Fig. 5. Scatter plots of the modeled (CAM (WRF-CMAQ/CAM) and RRTMG (WRF-
CMAQ/RRTMG)) and observed daily PM2.5 concentrations at the AIRNow monitoring sites
(a) over the continental US (12 km resolution model grid); (b) over eastern Texas from the
simulations at 4 km and the 12 km resolution model grids.
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Figure 6a. Comparison of observed and modeled (CAM(WRF-CMAQ/CAM) and RRTMG (WRF-

CMAQ/RRTMG)) PM2.5 and its chemical composition at the IMPROVE, CASTNet and STN sites over the 

eastern U.S (longitude>100
0
) 
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Fig. 6a. Comparison of observed and modeled (CAM (WRF-CMAQ/CAM) and RRTMG (WR-
FCMAQ/RRTMG)) PM2.5 and its chemical composition at the IMPROVE, CASTNet and STN
sites over the eastern US (longitude > 100◦).
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Figure 6b.  Comparison of observed and modeled (CAM(WRF-CMAQ/CAM) and RRTMG (WRF-

CMAQ/RRTMG)) PM2.5 and its chemical composition at the IMPROVE, CASTNet and STN sites over the 

western U.S (longitude<100
0
) 
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Fig. 6b. Comparison of observed and modeled (CAM (WRF-CMAQ/CAM) and RRTMG (WR-
FCMAQ/RRTMG)) PM2.5 and its chemical composition at the IMPROVE, CASTNet and STN
sites over the western US (longitude < 100◦).
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Figure 7. Comparison of observed and modeled (CAM(WRF-CMAQ/CAM) and RRTMG (WRF-

CMAQ/RRTMG)) PM2.5 and its chemical composition at the STN sites over the eastern Texas from the 
simulations at 4-km and the 12-km resolution model grids 
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Fig. 7. Comparison of observed and modeled (CAM (WRF-CMAQ/CAM) and RRTMG (WRFC-
MAQ/RRTMG)) PM2.5 and its chemical composition at the STN sites over the eastern Texas
from the simulations at 4 km and the 12 km resolution model grids.
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Figure 8. Comparison of observed and modeled (WRF-CMAQ/CAM and WRF-
CMAQ/RRTMG) SO2 and total sulfur (SO4

2-+SO2) concentrations at the CASTNet over the 
continental United States. 
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Fig. 8. Comparison of observed and modeled (WRF-CMAQ/CAM and WRFCMAQ/RRTMG)
SO2 and total sulfur (SO2−

4 +SO2) concentrations at the CASTNet over the continental US.
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12 km (CERES) SWCF                                                                   WRF-CMAQ (CAM)                                                         WRF-CMAQ (RRTMG) 

  

                                                                                                                      WRF-only (CAM)                                                              WRF-only (RRTMG) 

                                                                          

 

Figure 9.  Monthly domain means of SWCF for the CERES observations and model results of WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF-only/CAM and WRF-

only/RRTMG on the basis of 12-km resolution simulation over the CONUS for August of 2006 

 

Fig. 9. Monthly domain means of SWCF for the CERES observations and model results of
WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF-only/CAM and WRFonly/RRTMG on the basis
of 12 km resolution simulation over the CONUS for August of 2006.
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                             4 km (CERES) SWCF                                        WRF-CMAQ (CAM)                                                       WRF-CMAQ (RRTMG) 

                                  

                                                                                                                             WRF-only (CAM)                                                          WRF-only (RRTMG) 

                                                                                           

Figure 10.  Same as Figure 9 but for the eastern Texas domain on the basis of the 4-km resolution simulation for August of 2006. 

 

Fig. 10. Same as Fig. 9 but for the eastern Texas domain on the basis of the 4 km resolution
simulation for August of 2006.
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Figure 11.  Scatter plots of modeled (WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM and WRF/RRTMG) and observed 

monthly mean SWCF over the land, and ocean of the eastern and western U.S for the 12-km resolution simulations (see 

Figure 9) and over the eastern Texas domain for the 4-km resolution simulations (see Figure 10) for August of 2006.   

(c) 

Fig. 11. Scatter plots of modeled (WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM and
WRF/RRTMG) and observed monthly mean SWCF over the land, and ocean of the eastern
and western US for the 12 km resolution simulations (see Fig. 9) and over the eastern Texas
domain for the 4 km resolution simulations (see Fig. 10) for August of 2006.
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Figure 12.  Same as Figure 11 but for September of 2006.     

Fig. 12. Same as Fig. 11 but for September of 2006.
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Figure 13. Same as Figure 9 but for LWCF 
Fig. 13. Same as Fig. 9 but for LWCF.
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Figure 14.  Same as Figure 10 but for LWCF. 

Fig. 14. Same as Fig. 10 but for LWCF.
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Figure 15.  Same as Figure 11 but for LWCF.   

Fig. 15. Same as Fig. 11 but for LWCF.
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Figure 16.  Same as Figure 15 but for September of 2006.   Fig. 16. Same as Fig. 15 but for September of 2006.
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Figure 17.  Same as Figure 11 but for the ratios of monthly mean absolute (SWCF) to LWCF for August of 2006.   

Fig. 17. Same as Fig. 11 but for the ratios of monthly mean absolute (SWCF) to LWCF for
August of 2006.
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Figure 18.  Same as Figure 17 but for September of 2006.   

Fig. 18. Same as Fig. 17 but for September of 2006.
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Figure 19.  Same as Figure 9 but for COD for August of 2006 

 

Fig. 19. Same as Fig. 9 but for COD for August of 2006.
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Figure 20.  Same as Figure 11 but for COD for August of 2006.   

Fig. 20. Same as Fig. 11 but for COD for August of 2006.
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Figure 21.  Same as Figure 11 but for COD for September of 2006.   

Fig. 21. Same as Fig. 11 but for COD for September of 2006.
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Figure 22.  Same as Figure 11 but for cloud fractions (CLDFRC) for August of 2006.   

Fig. 22. Same as Fig. 11 but for cloud fractions (CLDFRC) for August of 2006.
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Figure 23.  Same as Figure 11 but for cloud fractions (CLDFRC) for September of 2006.   

Fig. 23. Same as Fig. 11 but for cloud fractions (CLDFRC) for September of 2006.
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                                         WRF-CMAQ /CAM minus Obs                                                            WRF-CMAQ /RRTMG minus Obs 

  

                                            WRF/CAM minus Obs                                                                             WRF/RRTMG minus Obs 

   

 

Figure 24.  The difference (in/month) of monthly domain means of precipitation between the observations and model results of WRF-CMAQ/CAM, WRF-

CMAQ/RRTMG, WRF-only/CAM and WRF-only/RRTMG on the basis of 12-km resolution simulation over the CONUS for August of 2006 

 

Fig. 24. The difference (inchmonth−1) of monthly domain means of precipitation between the
observations and model results of WRF-CMAQ/CAM, WRFCMAQ/RRTMG, WRF-only/CAM
and WRF-only/RRTMG on the basis of 12 km resolution simulation over the CONUS for August
of 2006.
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Figure 25.  Same as Figure 24 but for September of 2006.   

 

Fig. 25. Same as Fig. 24 but for September of 2006.
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Figure 26.  Scatter plots of modeled (WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM and WRF/RRTMG) and observed 

monthly mean precipitation (inch/month) over the land of the eastern and western U.S. for the 12-km resolution simulations 

and over the eastern Texas domain for the 4-km resolution simulations for August and September of 2006.  .   Fig. 26. Scatter plots of modeled (WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM and
WRF/RRTMG) and observed monthly mean precipitation (inch/month) over the land of the
eastern and western US for the 12 km resolution simulations and over the eastern Texas domain
for the 4 km resolution simulations for August and September of 2006.
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