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Abstract. This study implemented first, second and glacia-the EUS at the Clean Air Status Trends Network (CAST-
tion aerosol indirect effects (AIE) on resolved clouds in NET), Interagency Monitoring of Protected Visual Environ-
the two-way coupled Weather Research and Forecastingnents (IMPROVE) and Speciated Trends Network (STN)
Community Multiscale Air Quality (WRF—CMAQ) model- sites, respectively. Both configurations (WRF-CMAQ/CAM,
ing system by including parameterizations for both cloud WRF-CMAQ/RRTMG) overestimated the observed mean
drop and ice number concentrations on the basis of CMAQ-organic carbon (OC), elemental carbon (EC) and and to-
predicted aerosol distributions and WRF meteorological con+tal carbon (TC) concentrations over the EUS in August at
ditions. The performance of the newly developed WRF-the IMPROVE sites. Both configurations generally under-
CMAQ model, with alternate Community Atmospheric estimated the cloud field (shortwave cloud forcing, SWCF)
Model (CAM) and Rapid Radiative Transfer Model for over the CONUS in August due to the fact that the AIE on
GCMs (RRTMG) radiation schemes, was evaluated withthe subgrid convective clouds was not considered when the
observations from the Clouds and the Su#p://ceres.larc. model simulations were run at the 12 km resolution. This is
nasa.gov/ Earth’s Radiant Energy System (CERES) satel-in agreement with the fact that both configurations captured
lite and surface monitoring networks (AQS, IMPROVE, SWCF and longwave cloud forcing (LWCF) very well for
CASTNET, STN, and PRISM) over the continental US the 4 km simulation over eastern Texas, when all clouds were
(CONUS) (12km resolution) and eastern Texas (4 km res+esolved by the finer resolution domain. The simulations of
olution) during August and September of 2006. The re-WRF-CMAQ/CAM and WRF-CMAQ/RRTMG show dra-
sults at the Air Quality System (AQS) surface sites showmatic improvements for SWCF, LWCF, cloud optical depth
that in August, the normalized mean bias (NMB) values (COD), cloud fractions and precipitation over the ocean rela-
for PM2s over the eastern US (EUS) and the westerntive to those of WRF default cases in August. The model per-
US (WUS) are 5.3% £0.1%) and 0.4% £5.2%) for  formance in September is similar to that in August, except for
WRF-CMAQ/CAM (WRF-CMAQ/RRTMG), respectively. a greater overestimation of PM due to the overestimations
The evaluation of PMs5 chemical composition reveals thatin of sof;, NH;{, NO3, and TC over the EUS, less underes-
August, WRF-CMAQ/CAM (WRF-CMAQ/RRTMG) con- timation of clouds (SWCF) over the land areas due to the
sistently underestimated the observediSbe —23.0% lower SWCF values, and fewer convective clouds in Septem-
(—27.7%),—12.5% (18.9 %) and—7.9 % (—14.8%) over  ber. This work shows that inclusion of indirect aerosol effect
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treatments in WRF-CMAQ represents a significant advanceled to a combined radiative forcing ef2.63 [-0.26] W n12,
ment and milestone in air quality modeling and the develop-and the total direct aerosol radiative forcing is estimated to be
ment of integrated emissions control strategies for air quality—0.5 [+£0.4] W m~2, with a medium to low level of scientific
management and climate change mitigation. 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]Wm2, with a low level of scientific
1 Introduction understanding.

Numerous investigations provide observational evidence

Atmospheric emissions resulting from consumption of fos- of the AIE. For example, the presence of non-precipitating
sil fuels by human activities contribute to climate change supercooled liquid water near cloud tops because of the over-
and degrade air quality. Aerosol particles can influence theseeding from both smoke over Indonesia and urban pollution
earth’s climate both directly by scattering and absorption ofover Australia (Rosenfeld, 1999, 2000) has been identified.
incoming solar radiation and terrestrial outgoing radiation, Rosenfeld et al. (2007) found that on the basis of the anal-
and indirectly by affecting cloud radiative properties through ysis of more than 50 years of observations at Mt. Hua near
their role as cloud condensation nuclei (CCN) and ice nucleiXi'an in China, the observed orographic precipitation de-
(IN) (Twomey, 1974, 1991, Charlson et al., 1992; Yu, 2000; creased by 30-50 % during the hazy conditions in the pres-
Yu et al., 2000, 2001a, b, 2003, 2006; Yu and Zhang, 2011gnce of high levels of aerosols and small CCN. On the basis
Lohmann and Feichter, 2005; Menon et al., 2002, 2008;of the extensive ground-based and global A-Train (CALIPSO
IPCC, 2007; DeFelice et al., 1997; Chapman et al., 2009and MODIS) observations during the past 10years, Li et
Gustafson et al., 2007; Zhang et al., 2010a, b, 2012; Tao e&l. (2011) found the strong climate effects of aerosols on
al., 2012; Hansen et al., 1997; Haywood and Boucher, 2000¢louds and precipitation. Lin et al. (2006) found evidence
Ramanathan et al., 2001; Rosenfeld et al., 2008; Saxena arttlat high biomass burning-derived aerosols were correlated
Yu, 1998; Saxena et al., 1997; H. Yu et al., 2006; F. Yu etwith elevated cloud top heights, large anvils and more rain-
al., 2012a, b; Saide et al., 2012; Yang et al., 2011; Liu et al. fall on the basis of satellite observations over the Amazon
2011; McKeen et al., 2007; Yu et al., 2004, 2007b, 2008).basin. Enhanced rainfall in the coastal northwestern Atlantic
The aerosol indirect effect (AIE) can be split into the first, region (Cerveny et al., 1998) and downwind of the Mex-
second, and glaciation aerosol indirect effects. For a giverico City urban area (Jauregui and Romales, 1996) and paper
cloud liquid water content, an increase in the cloud dropletmills (Eagen et al., 1974) is attributed to the effects of giant
number concentration implies a decrease in the effective raCCN. However, it is impossible to evaluate the AIE with ob-
dius, thus increasing the cloud albedo; this is known as theservations directly, because the AIE is traditionally estimated
first AIE (or cloud albedo effect), and was first estimated by on the basis of the difference in model results between the
Twomey (1974). The second AIE is based on the idea thapresent day and pre-industrial times, and the observational
decreasing the mean droplet size in the presence of enhanceecords (satellite and other long-term records) are not long
aerosols decreases the cloud precipitation efficiency, producenough to characterize conditions during the pre-industrial
ing clouds with a larger liquid water content and a longertimes (IPCC, 2007). However, the satellite retrievals of var-
lifetime (cloud lifetime effect), and its recognition is com- ious cloud parameters provide a way to evaluate the model
monly attributed to Albrecht (1989). The glaciation AIE is simulations indirectly. For example, the cloud droplet effec-
based on the idea that increases in IN because of enhancéide radii retrieved from the satellite of the Advanced Very
aerosols (dust, organic carbon, black carbon and sulfate) reHigh Resolution Radiometer (AVHRR) (Han et al., 1994)
sult in more frequent glaciation of a supercooled liquid wa- have been used to evaluate the global model simulations
ter cloud due to the difference in vapor pressure over ice andRotstayn, 1999; Ghan et al., 2001a, b, c¢; Ghan and Easter,
water and an increase in the amount of precipitation via the2006).
ice phase, leading to a decrease in cloud cover and a shorter The chemistry—aerosol-cloud-radiation—climate interac-
cloud lifetime (IPCC, 2007; Lohmann, 2002). The first and tions are complex and can be nonlinear. To simulate these in-
second AIEs have a negative radiative effect at the top of thdéeractions realistically, a fully online coupled meteorology—
atmosphere (TOA), while the glaciation AIE has a positive atmospheric chemistry model is needed, although there are
effect. As summarized by Lohmann and Feichter (2005) anca large number of online coupled global meteorology—
the IPCC (2007), other aerosol indirect effects may includeatmospheric chemistry models with various degrees of cou-
the semi-direct effect, which refers to an evaporation of cloudpling (very limited prognostic gaseous and aerosol species
droplets caused by the absorption of solar radiation by sootand/or aerosol—cloud—radiation process representation) to at-
and the thermodynamic effect that refers to a delay in themospheric chemistry (Granier and Brasseur, 1991; Rasch et
onset of freezing by the smaller cloud droplets, causing sual., 2000; Taylor and Penner, 1994; Jacobson, 1994, 2006).
percooled clouds to extend to colder temperatures (precipitaThe history and current status of the development and ap-
tion suppression). The IPCC (2007) concludes that increasplication of online coupled meteorology and atmospheric
ing concentrations of the long-lived greenhouse gases havehemistry models have been reviewed by Zhang (2008). As
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chemistry) and to leverage future development in each model
by maintaining equivalent one-way capability. The two-way
coupled WRF-CMAQ model is developed with the second
approach by integrating the WRF and CMAQ models into a
single executable program in which CMAQ can be executed
as a stand-alone model or as part of the coupled system with-
out any code changes (Wong et al., 2012). The WRF-CMAQ
model is a community online coupled model that is publicly
available bttp://www.cmascenter.org/cmaaind that allows
contributions from the community.

On the other hand, including aerosol indirect effects does
not necessarily mean climate change, because aerosol can in-
fluence clouds via shorter timescales (e.g., weather or cloud
scales). Inthe WRF-only default case, the cloud drop number
and effective radius information have been assumed and then
used. This means that the aerosol indirect effect has been as-
sumed in the WRF-only default case, although aerosol fields
have not been simulated in this meteorological model. The
improvement in the meteorological field simulations by in-
cluding the aerosol indirect effects can help enhance the
model simulation of air quality. Inclusion of indirect aerosol

effect treatments in CMAQ represents a significant advance-
ment and milestone in air quality modeling in terms of scien-

tific understanding of the complex relationship between air

pollutants and climate change and the development of in-
tegrated win-win emissions control strategies for air quality

management and climate change mitigation.

. August 1,2006 0:00:00 The purpose of this paper is twofold. First, this study im-
Min= 204 at(135.4), Max= -0 at (71,104) o . :
plements the indirect effects of aerosols on the microphysical
(b) and radiative properties of clouds (including first, second and

Figure 1. The model domains of WRF-CMAQ fdgr) a 4 km res- glaciation Indlre(;]t aeTosgl gffeclts) n thg two-way Coupled
olution model grid over eastern Texas aftj a 12 km resolution WRF-CMAQ. The clou roplet number concentrations

model grid over the continental US for the monthly mean results of Were calculated from the CMAQ-predicted aerosol particles
SWCF in August of 2006. using a parameterization based on a maximum supersatura-

tion determined from a Gaussian spectrum of updraft veloc-

ities and the internally mixed aerosol properties within each

mode (Abdul-Razzak and Ghan, 2002). The cloud conden-
summarized by Pleim et al. (2008), there are two approachesation nuclei (CCN) concentrations at six supersaturations
to coupling meteorology and atmospheric chemistry mod-(0.02, 0.05, 0.1, 0.2, 0.5, and 1.0 %) are estimated. The cloud
els. The first approach is to integrate meteorology and atice number concentrations for the CMAQ-predicted sulfate,
mospheric chemistry such as in the MM5/Chem (Grell etblack carbon and dust were estimated with an ice nucle-
al., 2000), WRF/Chem (Grell et al., 2005) and GATOR- ation scheme in the NCAR Community Atmospheric Model
GCMOM (Gas, Aerosol, TranspOrt, Radiation, General Cir- (CAM) (Liu et al., 2007). The resulting cloud drop and ice
culation, Mesoscale, and Ocean Model) models (Jacobsomumber concentrations are added to the Morrison cloud mi-
2001a, b) that are created by adding atmospheric chemistrgrophysics scheme (Morrison et al., 2009, 2005), and this
to the existing meteorology models. The second approach iallows us to estimate aerosol effects on cloud and ice optical
to combine existing meteorology and atmospheric chemistrydepth and microphysical process rates for indirect aerosol ra-
models into a single executable program with two-way me-diative forcing (including first, second and glaciation indirect
teorological and chemical data exchange such as in the twoaerosol forcing) by tying a two-moment treatment of cloud
way coupled Weather Research and Forecasting Communitwater (mass and number) and cloud ice (mass and number)
Multiscale Air Quality (WRF-CMAQ) model (Wong et al., to precipitation (the Morrison et al. two-moment cloud mi-
2012). Each approach has its own advantages and disadvaorophysics scheme, Morrison et al., 2009, 2005) and two
tages. For example, the advantage of the second approachriadiation schemes (the Rapid Radiative Transfer Model for
to allow the use of the existing computational and numeri-General Circulation Models (GCMs) (RRTMG), lacono et
cal techniques in each model (meteorology and atmospherial., 2008, and CAM, Collins et al., 2004) in the WRF model.
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Figure 2. The two-way coupled WRF—-CMAQ modeling system.
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Figure 3. Flow diagram for calculation of the aerosol indirect effect (AIE) in the two-way coupled WRF-CMAQ modeling system.

~

The RRTMG and CAM radiation schemes are selected be€an help improve the WRF performance on cloud proper-
cause these two schemes are used in many studies (Liu &ks. The simulations with the newly developed WRF3.3—
al., 2007; Collins et al., 2004; lacono et al., 2008; Yang etCMAQ5.0 model are carried out on a 4 km resolution model
al., 2011; Saide et al., 2012). The comparison results of thgyrid over eastern Texas (Fig. 1a) and a 12km resolution
WRF-CMAQ/CAM and WRF-CMAQ/RRTMG simulations model grid over the continental US (Fig. 1b) for the typi-
can indicate the effects of radiation schemes on the modetal summer of 2006 when routine data are normally avail-
performance on air quality and cloud properties. For ref-able. Second, this study examines the model performance
erence, the WRF/CAM and WRF/RRTMG simulations are for cloud properties (e.g., cloud optical depth (COD), cloud
also carried out to show how the CMAQ air quality model fractions), shortwave cloud forcing (SWCF), longwave cloud
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forcing (LWCF) and PMs, its chemical composition and re-derived in CMAQ using the identical integrated continu-
precursors with satellite observational data (CERES) and théty equation used in WRF, but with the horizontal mass di-
surface monitoring networks (AIRNOW, IMPROVE, CAST- vergence computed in CMAQ using the CMAQ advection
NET, STN, PRISM) during August and September of 2006.scheme. Thus, mass continuity is assured in CMAQ, as it is
The paper represents the first documentation of the two-wayn WRF. Also, to avoid drift between CMAQ and WRF mass
coupled WRF-CMAQ with aerosol indirect effect and the fields, the chemical concentrations are re-normalized every
first comprehensive evaluation of its capability in reproduc- CMAQ time step by the air density from WRF. The vertical
ing shortwave cloud forcing and other cloud properties. diffusion of meteorological and chemical variables is simu-
lated using the identical PBL scheme, namely the ACM2, in
WRF and CMAQ, although it is applied at different points in

2 Model description and simulation design the coupled WRF-CMAQ processing. Future work will in-
clude experiments with more integrated transport modeling
2.1 Two-way coupled WRF-CMAQ where advection and diffusion processing of chemical and

meteorological tracers will both be handled in the WRF part

The two-way coupled WRF-CMAQ modeling system of the system. Thus, errors associated with the current cou-
(Pleim et al., 2008; Mathur et al., 2010; Wong et al., 2012) pled system will be quantified.
was developed by linking the Weather Research and Fore- For the 12 km grid resolution simulations, the WRF time
casting (WRF) model (Skamarock et al.,, 2008) and thestepis 60s, and CMAQ is called every fifth WRF step. We as-
CMAQ model (Eder and Yu, 2006; Mathur et al., 2008; Eder sume that the aerosol concentrations and characteristics are
et al., 2009, 2010). A brief summary relevant to the presentiot changing so rapidly that coupling at 1 min rather than
study is presented here. In this system, radiative effects ofit 5min makes a significant difference. While we have not
aerosols and the cloud droplets diagnosed from the activatiodone this sensitivity study with the indirect aerosol effects
of CMAQ-predicted aerosol particles interact with the WRF activated, we have compared WRF—-CMAQ model runs with
radiation calculations, resulting in a “two-way” coupling be- direct aerosol feedback at various coupling frequencies, in-
tween atmospheric dynamic and chemical modeling com-cluding 1-to-1 and 5-to-1, and seen very few differences. The
ponents (Pleim et al., 2008; Mathur et al., 2010). Figure 2preliminary results of the two-way coupled WRF-CMAQ
shows a schematic coupling for the WRF and CMAQ mod- model with the direct aerosol effect only for a ten-day simu-
eling systems that includes three components: WRF, CMAQation of a wildfire event in California from 20 to 29 June
and a coupler. In the coupled system, CMAQ is added as 2008 showed that the coupled model can improve the ac-
subroutine in WRF, and can be executed as a stand-aloneuracy of both meteorology and air quality simulations for
model or as part of the coupled system without any codethese cases with high aerosol loading when the direct aerosol
changes. The coupler serves as an inter-model translator bgffect is included (Wong et al., 2012). In this work, the AIE
transferring meteorological data from WRF to CMAQ and in the two-way coupled WRF—-CMAQ model is implemented
CMAQ-predicted aerosol data from CMAQ to WRF in mem- by adding a subroutine called CMAQ-mixactivate that is cre-
ory. In the coupler, a subroutine called AQPREP preparesated by modifying the existing mixactivate subroutine in
virtual meteorological files in forms compatible for CMAQ WRF/Chem. The CMAQ-mixactivate subroutine calculates
to use directly without writing the physical files, and another both cloud droplet and ice number concentrations on the ba-
subroutine (FEEDBACK), which is called within the aerosol sis of the CMAQ-predicted aerosol particles and the WRF
module in CMAQ, is used to compute aerosol properties andneteorological conditions (see Figs. 2 and 3), and will be de-
to transfer the related aerosol data from CMAQ to WRF for scribed in detail below. Note that the ice nucleation scheme is
direct and indirect aerosol forcing calculations. The call fre- not included in the publicly available mixactivate subroutine
quency is a user-defined environmental variable as a ratio obf WRF/Chem. Like CMAQ, the CMAQ-mixactivate sub-
the WRF to CMAQ time steps, and is used in the coupledroutine is added as a subroutine in WRF, and is called just
system to determine how many times WRF is called for eachafter CMAQ is called in order to use the results of CMAQ
CMAQ call. WRF is integrated at a very fine time step, while simulations.
the minimum synchronization time step in CMAQ is deter- Table 1 summarizes the model configurations and com-
mined by the horizontal wind speed Courant condition in ponents used in this study. The physics package of the
model layers lower than- 700 hPa; the coupling frequency WRF3.3 (ARW) includes the Kain-Fritsch (KF2) cumu-
is flexible, and can be specified by the user. This is a mechius cloud parameterization (Kain and Fritsch, 1990, 1993;
anism to balance computational performance while allowingKain, 2004), the Asymmetric Convective Model (ACM2),
the user to couple the models as tightly as needed. a planetary boundary layer (PBL) scheme (Pleim, 2007a,

While CMAQ uses an advection scheme and a time stefb), RRTMG (lacono et al., 2008) and CAM (Collins et al.,
that is different from WRF, a methodology has been imple-2004) shortwave and longwave radiation schemes, Morrison
mented to minimize the resultant inconsistencies betweeret al. two-moment cloud microphysics (Morrison et al., 2009,
meteorological and chemical fields. The vertical velocity is 2005; Morrison and Pinto, 2006), and the Pleim—Xiu (PX)
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Table 1. Model configurations and components.

Simulation period 1 Aug to 15 Oct 2006

Domain Continental US (CONUS), eastern Texas
Horizontal grid spacing 12 km (continental US), 4 km (eastern Texas)
Number of vertical levels 34 layers

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

Longwave radiation scheme CAM scheme (Collins et al., 2004), rrtmg scheme
(lacono 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. two-moment scheme (Morrison et al.,
2009, 2005; Morrison and Pinto, 2006)

Cumulus parameterization Kain—Fritsch scheme (Kain and Fritsch, 1990, 1993)
for CONUS (12 km), none for the 4 km resolution
run.

Meteorological initial NAM-218

conditions

Meteorological boundary NAM-218

conditions

Gas-phase chemistry CBO05 (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 simu-
lations over the CONUS.
Emissions inventory 2005 NEI

Table 2. Aerosol species for each mode in AERO6 of CMAR@ee the explanations in the text).

Nucleation (1) Accumulation (J) Coarse (K)
ASO4l, ANH4l, ASO4J, ANH4J, ANO3J, AALKJ, AXYL1J, AXYL2J, ASO4K, ANH4K,
ANO3I, APOCI, AXYL3J, ATOL1J, ATOL2J, ATOL3J, ABNZ1J, ANO3K, AH20K,

APNCOMI, AECI, ABNZ2J, ABNZ3J, ATRP1J, ATRP2J, AISO1J,ACLK, ACORS,
AOTHRI, AH20I1,  AISO2J, ASQTJ, AORGCJ, APOCJ, APNCOMJASOIL, ASEACAT
ANAI, ACLI AECJ, AOTHRJ, AH20J, ANAJ, ACLJ, AISO3J,

AOLGAJ, AOLGBJ, AFEJ, AALJ, ASIJ, ATIJ, ACAJ,

AMGJ, AKJ, AMNJ

* Notes: Primary organic aerosol APOAIAPOCI + APNCOMI; primary organic aerosol APOA-JAPOCJ+ APNCOMJ, ANAK
=0.8373x ASEACA T+ 0.0626x ASOIL +0.0023ACORS, ASOIL3=2.2x AALJ +2.49x ASIJ+1.63x ACAJ + 2.42x AFEJ]
+1.94x ATIJ.

land-surface scheme (Pleim and Xiu, 1995, 2003; Xiu andatwww.epa.gov/ttnchiefl/net/2005inventory.hjrahd BEIS
Pleim, 2001). Note that the KF2 cumulus cloud scheme was/3.14 for the year 2006. The mobile source emissions were
turned off for the model simulations on the 4 km resolution generated by the EPA'S MOBILEG6 model.

model grid. The meteorological initial and lateral boundary The aerosol module in CMAQ is described by Binkowski
conditions were derived from a combination of North Amer- and Roselle (2003), and updates are described by
ican Mesoscale (NAM) model analyses and forecasts at 3Bhave et al. (2004), Yu et al. (2007a), Carlton et al. (2010),
intervals developed by the National Center for Environmen-Foley et al. (2010), and Appel et al. (2013). The size distribu-
tal Prediction (NCEP). The carbon bond chemical mecha-tion of aerosols in tropospheric air quality models can be rep-
nism (CBO05) (Yarwood et al., 2005) has been used to repreresented by the sectional approach (Zhang et al., 2002, 2012),
sent photochemical reaction pathways. Emissions are basdle moment approach (Yu et al.,, 2003), and the modal
on the 2005 National Emission Inventory (NEI) (available approach (Binkowski and Roselle, 2003). In the aerosol
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Table 3. Molecular weight (g moTl), density (g cnm3) 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¢ 1076
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

Table 4. Comparison of the WRF-CMAQ/CAM and WRF-CMAQ/RRTMG models for operational evaluation of maximum 1h 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.

Data Domain mean, ppbv MB, RMSE,
Max O3 Model points  obs model ppbv ppbv NMB (%) NME (%) NMBF (%) NMEF (%) r
Over the continental US (12 km resolution model grid)
All data
8h WRF-CMAQ (CAM) 33278 50.2 52.9 2.7 12.4 5.3 18.7 5.3 18.7 0.641
8h WRF-CMAQ (RRTMG) 33278 50.2 52.9 2.6 12.3 5.2 18.7 5.2 18.7 0.637
1h WRF-CMAQ (CAM) 33278 56.9 59.4 25 14.2 45 18.6 45 18.6 0.625
1h WRF-CMAQ (RRTMG) 33278 56.9 59.1 2.2 14.1 3.8 18.5 3.8 185 0.623
For Oz greater than 40 ppbv
8h WRF-CMAQ (CAM) 24628 56.7 56.7 -0.1 115 -0.1 15.0 -0.1 15.0 0.511
8h WRF-CMAQ (RRTMG) 24628 56.7 56.5 -0.3 11.3 -0.4 14.8 -0.4 14.8 0.511
1h WRF-CMAQ (CAM) 27527 62.0 62.4 0.5 13.7 0.7 16.1 0.7 16.1 0.518
1h WRF-CMAQ (RRTMG) 27527 62.0 62.0 0.0 135 0.0 15.9 0.0 15.9 0.516
Over eastern Texas (4 km resolution model grid)*
All data
8h 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)
8h 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)
1h 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)
1h 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 Oz greater than 40 ppbv
8h 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)
8h 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)
1h WRF-CMAQ (CAM) 1206.0 625  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)
1h WRF-CMAQ (RRTMG) 1206.0 62.5 73.2(62.3) 107Q:2) 19.3(15.9) 17.10.3) 24.7(18.4) 17.10.3) 24.7(18.4) 0.446 (0.392)

* The results in parentheses are from the simulations of the 12 km resolution model grid over the eastern Texas domain.
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Table 5a.Comparison of observation and models (WRF-CMAQ/CAM and WRF-CMAQ/RRTMG) fos £&hd its components for each
network over the eastern United States (longitude greater-ti&6°) for August of 2006.

AIRNow CASTNET IMPROVE STN
PMps | SG3~ NHf NO; SO, | TotS PMys SCG;° NO; OC EC| TC PMps SOZ~  NH} NOj TC
WRF-CMAQ/CAM
Mean (obs) 1526 559 162 0.35 091 3.16 1081 473 028 150 0.391.89 1747 494 158 054 472
Mean (model) 16.08 405 125 041 1.83 397 938 414 043 189 061250 1735 455 163 089  4.83
Number 7318| 231 231 231 231 231 489 307 307 484 478 484 817 886 886 850 895
Correlation 0.40| 081 073 021 074 083 051 057 028 048 058051 022 049 048 036 032
MB 081| -1.54 -037 007 092 080 -143 -059 0.14 039 022 060 -0.12 -039 004 035 0.10
RMSE 10.70| 243 076 067 130 1.68 832 368 090 1.79 1.05273 1294 364 137 126 3.26
NMB (%) 53| —276 -230 194 101.1 253 -132 -125 504 259 549 319 -07 -7.9 28 642 2.2
NME (%) 49.9| 333 350 1121 1055 356 514 535 1419 627 9755680 539 531 615 1307 489
NMBF (%) 53| -381 -299 194 101.1] 253 -152 -143 504 259 549319 -07 -85 28 642 2.2
NMEF (%) 49.9| 46.0 454 1121 10553 356 592 612 1419 62.7 975680 543 576 615 1307 489
WRF-CMAQ/RRTMG

Mean (obs) 1526 559 162 0.35 091 3.16 1081 473 028 150 0.391.89 1747 494 158 054 472
Mean (model) 1525 379 117 038 1.8] 385 899 3584 035 1.86 060245 1639 421 148 074 468
Number 7318| 231 231 231 231 231 489 307 307 484 478 484 817 886 886 850 895
Correlation 040 081 074 021 079 083 051 059 026 050 060054 023 054 052 034 033
MB -0.02| -1.80 -0.45 003 090 069 -1.82 -090 006 0.36 020 056 -108 -073 -0.11 0.20 —0.04
RMSE 1020/ 2.62 079 064 126 155 802 359 0.69 1.68 0.99257 1256 345 125 1.06  3.12
NMB (%) —0.1| -821 -27.7 97 989 218 -168 -189 224 238 522297 -62 -148 -67 371 -09
NME (%) 486| 363 367 1076 103.0 33.0 51.0 53.2 121.0 59.9 940650 525 50.0 56.4 1151  47.8
NMBF (%) 01| —474 -384 97 989 21.8 -202 -233 224 238 523297 -66 -174 -72 371 -09
NMEF (%) 487| 535 508 107.6 103.0 33.0 613 657 121.0 59.9 940650 560 587 605 1151 482

* The unit of the mean, MB, and RMSE is ug for SQ; itis ppb, and TotS is the total sulfur (§O+ S0O,) concentrations (Ug ST).

Table 5b. The same as Table 5a, but for Biland its components for each network over the western United States (longitude less than

—100°) for August of 2006.
AIRNow CASTNET IMPROVE STN
PMps | S2~ NHf  NO; SO | TotS PMys SOZ- NO; OC  EC| TC PMps SCG~  NH;  NOj TC
WRF-CMAQ/CAM
Mean (obs) 9.15/ 1.06  0.34 0.37 0.4 061 561 077 022 183 028 211 1137 168 0.79 126 532
Mean (model) 919 081 023 0.07 027 065 645 088 011 277 050 336 1153 161 0.42 024 494
Number 1988 94 94 94 94 94 705 501 501 701 701 701 253 269 269 261 252
Correlation 018 070 032 013 034 048 038 037 024 061 052 060 014 050 0.35 002 033
MB 0.04 | —025 -012 —0.30 008| 004 084 011 -012 094 031 125 017 -0.07 -037 -1.02 -0.37
RMSE 11.63| 040 0.8 047 023 036 1451 057 046 711 1.60 8.63 969  1.04 0.97 225 410
NMB (%) 04| -239 -341 -80.6 470/ 60 150 139 -519 514 110.6 59.2 15 —42 -473 -811 -7.0
NME (%) 50.9| 293 429 911 774 394 799 515 1029 101.8 15321073 515 429 61.7 89.1 485
NMBF (%) 04| -31.4 -51.7 -4153 470/ 60 150 139 -107.7 514 1106 59.2 15 —44 -896 -427.9 -7.6
NMEF (%) 50.9| 385 651 4692 77.6 39.4 799 515 2138 101.8 153]2107.3 515 448 1170 4703 522
WRF-CMAQ/RRTMG

Mean (obs) 915 1.06 0.34 037 014 061 561 077 022 183 028 211 1137 168 0.79 126 532
Mean (model) 867 080 022 0.07 027 065 601 0.86 009 254 054 308 1077 152 0.37 020 465
Number 1988 94 94 94 94 94 705 501 501 701 701 701 253 269 269 261 252
Correlation 018/ 070 0.33 0.16 03§ 050 038 038 025 061 052 060 013 048 030 —0.01 036
MB —048| -026 -012 —0.30 009| 004 040 009 -014 071 026 097 -060 -016 -042 -106 -0.66
RMSE 10.06| 041  0.19 047 027 035 1320 0.55 039 638 145776 826 1.04 1.00 227 341
NMB (%) —52| —245 -359 -—823 475| 59 71 116 -611 386 945 460 -53 -95 -536 —841 -125
NME (%) 487| 296 436 902 774 390 747 498 97.4 928 1400 97.4 488 412 63.9 904 455
NMBF (%) 55| —325 -56.1 -464.6 475 59 71 116 -157.0 386 945 460 -56 -105 -1155 -5285 -14.3
NMEF (%) 51.4| 392 680 509.4 77.2 390 747 498 2503 92.8 14000 974 515 456  137.8 5679 520

* The unit of the mean, MB, and RMSE is ugm for SO, it is ppb, and TotS is the total sulfur (§O+ SOy) concentrations (ug STY).

module of CMAQ, the aerosol distribution is modeled as for each mode in the latest AERO6 aerosol module of
a superposition of three lognormal modes that correspondCMAQ version 5.0 that is used in this study. As summa-
nominally to the ultrafine (diameterDg)<0.1um), fine  rized by Foley et al. (2010), there are three main increments
(0.1um<Dp<2.5um), and coarseDp>2.5um) particle for the new aerosol module, including improved treatment
size ranges. Each lognormal mode is characterized by totadf secondary organic aerosol (SOA), a new heterogeneous
number concentration, geometric mean diameter, and gedN,Os hydrolysis parameterization and a new treatment of
metric standard deviation. Table 2 lists the aerosol speciegas-to-particle mass transfer for coarse particles with the
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Figure 4. Scatter plots of the modeled CAM (WRF-CMAQ/CAM), RRTMG (WRF-CMAQ/RRTMG) and observed 8¢oBcentrations
(ppbv) at the AIRNow monitoring sitgg) over the continental US (12 km resolution model grid), énjdhe results over eastern Texas from
the simulations on the 4 km and 12 km resolution model grids for August of 2006.

update of the in-line treatment of sea-salt emissions. In the2.2 Aerosol-cloud—radiation interaction: indirect

previous aerosol module, SOA was formed by absorptive effects

partitioning of condensable oxidation products of monoter-

penes (ATRP1, ATRP2), long alkanes § carbon atoms) A flow diagram for calculation of AIE in the two-way cou-
(AALK), low-yield aromatic products (based on m-xylene pled WRF-CMAQ model is shown in Fig. 3.

data) (AXYL1, AXYL2), and high-yield aromatics (based

on toluene data) (ATOL1, ATOL2). The updates to the rep_2.2.1 First and second indirect aerosol forcing

resentation of SOA include several recently identified SOA i , o i
formation pathways from isoprene (AISO1, AISO2), ben- To estimate the first and second |rjd|rect ae.rosol forcing,
zene (ABNZ1, ABNZ2), sesquiterpenes (ASQT), in-cloud the CIOL_Jd d_roplet number con_centratlons are dl_agnosed from
oxidation of glyoxal and methylglyoxal (A\ORGC), particle- the actlvat|(_)n (_)f CMAQ-predicted _aerosol partlcles_ using a
phase oligomerization (aged SOA, AOLGA, and AOLGB), aerosol activation §cheme for multiple externally ml_xed Iog—
acid enhancement of isoprene SOA (AISO3), andyNO normal modes, with each m0(_je composed qf uniform in-
dependent SOA yields from aromatic compounds (ATOL3,tema| mixtures of soluble and insoluble material de\{eloped
AXYL3, ABNZ3) (see Table 2, Carlton et al., 2010). Note PY Abdul-Razzak and Ghan (2002, 2000). The detailed de-
that ATOL3, AXYL3, ABNZ3, AISO3. AOLGA, AOLGB, scription of the aerosol activation scheme is given by Abdul-
and AORGC are nonvolatile SOA. Primary organic aerosolsR@zzak and Ghan (2002, 2000). Here, a brief summary rel-
(POA) are separated into primary organic carbon (Apoc)evant to thg present stgdy is presented. T_he.aer_osol number
and primary noncarbon organic mass (APNCOM) (POA concentration of a multimode lognormal distribution can be
— APOC + APNCOM), and soil is calculated as SOIL ©€XPressed as

=2.20 Al +2.49 Si+1.63 Cat 2.42 Fet+1.94 Ti (Simon

et al., 2011). Note that the “OTHR” species in Table 2 dn _Z Ni
refers to the unspecified anthropogenic mass that comes fromr = V27 Ino;
the emissions inventory in PM, i.e., [PM 5] =[SO§‘] +

[INH;] + [NO3] + [OM] + [EC] + [SOIL] + [OTHR]. whereN; is the total number concentrationsg,; is the ge-
The model results for Pl concentrations are obtained by ometric mean dry radius, ang is the geometric standard
summing aerosol species concentrations over the first twaleviation for each aerosol mode =1, 2, ... . The smallest
modes. The chemical boundary conditions (BCs) for theactivation dry radiusriyt;) for each mode is (Abdul-Razzak
CMAQ model simulation over the CONUS were provided and Ghan, 2002, 2000)

by an annual 2006 GEOS-Chem (Bey et al., 2001) simula-

tion. A detailed description of mapping GEOS-Chem species,cuti =rgi (m)%’ 2)
to CMAQ species for LBCs is presented by Henderson et " Smax

al. (2014).

I 1In?(:5)
Xp( ) 1)

2 In?(o;) ~

where the critical supersaturatiofix{;) for activating par-
ticles and the ambient maximum supersaturatiSmag)
are given by (Abdul-Razzak and Ghan, 2000, 2002;
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Table 6. Comparison of observation and models (WRF-CMAQ/CAM and WRF-CMAQ/RRTMG) fos ®&hd its components for each
network over the eastern Texas domain from the simulations of the 4 and 12 km resolution model grids for August.of 2006

AIRNow STN AIRNow STN
PMps | PMps SO~ NH; NOy  TC PMps | PMps SO NH;  NO;  TC
WRF-CMAQ/CAM-4 km ‘ WRF-CMAQ/CAM-12 km
Mean (obs) 12.45 12.55 3.32 0.41 1.01 2.7 12.45| 1255 3.32 0.41 1.01 2.71
Mean (model) 20.59 24.14 3.54 0.32 0.85 6.5 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 0.1 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 4.61 541 -1.42 —-0.23 —0.58 2.79
RMSE 18.45| 17.00 1.92 0.26 0.60 5.3 14.15 9.59 1.94 0.27 0.72 5.00
NMB (%) 65.4 92.4 6.7 —222 -16.4 1427 37.1 43.1 —42.6 -57.3 -56.9 103.1
NME (%) 85.1| 112.2 47.7 53.7 46.0 149. 65.2 60.3 48.6 60.7 60.4 121.2
NMBF (%) 65.4 92.4 6.7 —28.6 -—-19.7 1427 37.1 43.1 -—-743 -134.0 -131.8 103.1
NMEF (%) 85.1| 112.2 47.7 69.1 55.1 149. 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 2.7 12.45| 1255 3.32 0.41 1.01 2.71
Mean (model) 17.06 19.25 3.07 0.16 0.67 5.1 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 0.1 0.33 0.10 0.53 0.70 0.64 0.26
MB 4.61 6.71 —-0.25 -0.25 -0.34 241 0.25 1.60 -1.60 —-0.35 —-0.64 1.88
RMSE 14.15| 12.42 1.70 0.28 0.58 3.8 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. 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 -924 -538.6 -—-169.7 69.3
NMEF (%) 65.24 81.7 46.0 159.2 67.7 101. 61.7 40.9 95.9 538.6 169.7 94.1
* The unit of the mean, MB, and RMSE is pgﬁ\
100 ———5—1 100 ‘ ‘
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Figure 5. Scatter plots of the modeled CAM (WRF-CMAQ/CAM), RRTMG (WRF-CMAQ/RRTMG) and observed dailydddncen-
trations at the AIRNow monitoring sitgg) over the continental US (12 km resolution model grid) &bylover eastern Texas from the

simulations on the 4 km and 12 km resolution model grids.

Abdul-Razzak et al., 1998)
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Table 7a.The same as Table 5a, but for September of 2006 for EUS.

AIRNow CASTNET IMPROVE STN
PMps | SO~ NHf  NO3 SO, TotS | PMps SOf-  NO;  OC EC TC|PMps SC~ NHj NOj TC

WRF-CMAQ/CAM

Mean (obs) 11.84 4.39 0.36 1.35 0.72 249 8.01 3.07 0.29 127 037 1.64 12.04 3.83 1.35 059 4.04
Mean (model) 15.44 3.96 0.54 1.20 166 3.69 8.89 3.66 0.52 168 055 2.28 16.57 4.60 1.69 111 456
Number 7182 170 170 170 170 17 515 351 351 508 507 50 806 842 842 807 858

Correlation 0.48 0.94 0.35 0.86 0.79 0.87 0.49 0.64 050 048 065 052 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 0.60 023 041 018 059 453 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 1.13 130 337
NMB (%) 3042 | -9.82 50.33 —-11.37 130.87 48.26 11.00 19.41 80.65 3222 49.46 36.0737.63 19.99 2510 89.51 12.96
NME (%) 56.18 16.29 109.08 24,14 132.06 51.0953.56 54.66 151.43 7191 90.54 74.3360.07 48.15 57.36 129.95 55.23
NMBF (%) 30.42| -10.89 50.33 —-12.83 130.87 48.24 11.00 19.41 80.65 3222 49.46 36.0737.63 19.99 2510 89.51 12.96
NMEF (%) 56.18| 18.07 109.08 27.23 132.06 51.095356 54.66 151.43 7191 90.54 74.3360.07 48.15 57.36 129.95 55.23

WRF-CMAQ/RRTMG

Mean (obs) 11.84 4.39 0.36 1.35 0.72 249 8.01 3.07 0.29 127 037 1.64 12.04 3.83 1.35 059 4.04
Mean (model) 15.07 3.91 0.53 1.18 168 3.70 8.84 3.54 0.54 172 056 2.28 16.31 4.40 1.62 1.08 457
Number 7182 170 170 170 170 17 515 351 351 508 507 50 806 842 842 807 858

Correlation 0.49 0.93 0.32 0.87 0.79 087 0.53 0.69 042 050 065 053 053 0.72 0.68 0.56  0.49

MB 3.23| -0.48 0.17 -0.17 0.96 121 0.83 0.47 025 045 019 o064 427 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 10.56 245 1.02 128 3.22
NMB (%) 27.29 | —10.91 4826 -12.27 13281 48.43 1035 1535 86.29 3525 5155 38903546 14.81 20.01 83.97 13.04
NME (%) 54.20 18.14 108.30 23.97 13456 50.7752.74 5171 159.45 70.65 89.26 72.9357.54 4595 54.00 126.77 53.23
NMBF (%) 27.29| —12.25 4826 —13.99 13281 4843 1035 1535 86.29 3525 5155 38903546 1481 20.01 83.97 13.04
NMEF (%) 54.20| 20.36 108.30 27.32 13456 50.17 52.74 51.71 159.45 70.65 89.26 72.9357.54 4595 54.00 126.77 53.23

Table 7b. The same as Table 5b, but for September of 2006 for WUS.

AIRNow CASTNET IMPROVE STN

PMps | SOZ~ NH;  NO3 SO, TotS | PMps SCG;~  NO3 oc EC TC| PMps SCG2~  NHj  NOj TC

WRF-CMAQ/CAM
Mean (obs) 9.80 0.81 0.34 029 014 047 517 064 022 168 028 195 1203 143 0.75 133 592
Mean (model) 1617 072 0.09 019 028 063 643 075 016 264 054  31F 2212 159 0.70 142 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 0.07 050 043 058 066 059 028 060 034 057 024 053 0.29 019 039
MB 6.37| -009 —025 —010 013 016 126 011 -006 096 026 124 1010 016 —0.05 0.09 511
RMSE 15.19| 0.28 0.47 016 022 032 953 048 051 481 122 586 27.76  1.06 1.25 353 14.80
NMB (%) 65.01| —11.30 —72.91 -33.06 9502 34.45 2429 17.46 -27.57 57.48 9352 6271 8397 1125 -6.78 6.77 86.34
NME (%) 89.46| 22.74 8592  44.67 107.42 4694 71.31 4855 103.08 10050 141.18 105[7408.48 4817  79.37 108.25 112.65
NMBF (%) 65.01| —12.74 —269.13 —49.39 9502 34.45 2429 17.46 —38.06 5748 9352 6271 83.97 1125 -—7.27 6.77 86.34
NMEF (%) 89.46| 2564  317.16  66.73 107.42 46.947131 4855 14231 10050 141.18 105[7408.48 48.17 8514 108.25 112.65
WRF-CMAQ/RRTMG

Mean (obs) 9.80 0.81 0.34 029 014 047 517 064 022 168 028 195 1203 143 0.75 133 592
Mean (model) 1516 071 0.08 019 028 063 594 074 013 239 050 288 2037 147 0.60 118 1021
Number 1992 75 75 75 75 75| 712 562 562 703 710 706 251 252 252 245 250
Correlation 0.47|  0.80 0.13 052 043 058 064 056 032 060 033 057 025 051 0.25 018  0.40
MB 536| -010 -026 -010 014 016 077 010 -009 072 022 094 835 004 -016 -015 430
RMSE 13.46| 0.28 0.47 016 022 032 819 049 045 418 113 514 2200 1.03 1.17 312 1175
NMB (%) 5474| —12.03 —7547 -3410 9521 3411 1489 1582 -39.94 4283 7881 4805 69.40 269 -2073 -11.13 72.66
NME (%) 81.22| 22.66 8416  44.33 107.42 46.88 6432 4773 9415 87.99 127.87 93.0696.46 4598  76.83 102.99 100.57
NMBF (%) 54.74| —13.68 -307.65 -51.76 9521 34.11 1489 1582 —66.51 42.83 7881 4805 69.40 269 —26.15 -1253 72.66
NMEF (%) 81.22| 2576 34309 6727 107.42 46886432 4773 15677 87.99 127.87 93.0696.46 4598  96.92 11589 100.57

Here, A is the coefficient of the curvature effect (Kelvin term)
in the Kohler equationy is the updraft velocity, the growth  B; =
coefficient (G) represents the diffusion of heat and moisture Pw/Pa.j
to the particles (gas kinetic effectg)y is the water density,
M,, is the molecular weight of wate® is the molar gas
constant,T is the temperaturey,, is the surface tension of
water, andx andy are size-invariant coefficients in the su-
persaturation balance equation (Leaitch et al., 1986; Abdul

Razzak etal., 1998). The hygroscopicity parameBg) (SO-  or component;, respectively. The volume mean hygro-
lute effect, Raoult term) in the Kdhler equation for com- scopicity parameterE;) for aerosol mode can be calcu-

ponent; can be expressed as (Pruppacher and Klett, 1997540 a5 follows (Hanel, 1976; Pruppacher and Klett, 1997:
Abdul-Razzak et al., 1998) Abdul-Razzak et al., 1998):

vajwjgj/Ma,j (8)

wherev;, ¢;, €, M, ; and p, ; are the number of ions

the salt dissociates into (the von't Hoff factor for solutes
in solution), the osmotic coefficient, the mass fraction of
soluble material (1 for water-soluble material and 0 for
insoluble material), and the molecular weight and density
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Table 8. The same as Table 6, but for September of 2006.

AIRNow STN AIRNow STN
PMps | PMps SO~ NHf  NO3 TC PMps | PMps SO NH; NO;  TC
\ WRF-CMAQ/CAM-4 km \ \ WRF-CMAQ/CAM-12 km
Mean (obs) 12,69 15.05 4.31 1.68 0.50 4.4 12.65| 15.05 4.31 1.68 050 4.41
Mean (model) 2273 27.03  4.47 1.28 0.37 8.6 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 0.40 071  0.73 0.65 0.12 0.5 0.33| 074 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 5.7 20.39| 1440 181 1.13 1.20 470
NMB (%) 79.66| 79.60 3.79 —23.84 -26.29 96.31 69.56 | 83.63 1.66 —17.46 7544 89.88
NME (%) 95.57| 81.23 3297 4137 6419 10046 86.95| 83.63 33.79  47.61 13537 9153
NMBF (%) 79.66| 79.60 3.79 —31.30 -3566  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) 12.69 15.05 4.31 1.68 0.50 4.4 12.65| 15.05 4.31 1.68 050 4.41
Mean (model) 20.68 23.45  4.07 1.16 0.37 7.2 20.53| 25.95  4.15 1.27 0.77 785
Number 264 19 48 48 19 52 264 19 48 48 19 52
Correlation 0.42| 0.78 0.76 0.67 0.18 0.5 0.32 0.60 0.75 0.57 -0.03 0.70
MB 8.03| 839 -024 -052 -0.13 2.80 7.88| 1090 -0.16 —0.40 0.28 343
RMSE 16.84| 10.42  1.73 1.17 0.42 4.1 19.25| 13.83 179 1.22 1.60 4.20
NMB (%) 63.48| 55.76 -5.63 —-30.91 -25.44 63.46 62.31| 7239 -3.76 —24.05 55.25 77.81
NME (%) 81.45| 56.35 29.46  40.54 62.80 70.61 81.27| 7239 3249  46.83 147.27 80.14
NMBF (%) 63.48| 55.76 —597 —44.73 -34.13 63.46 62.31| 7239 -391 -31.67 5525 77.81
NMEF (%) 81.45| 56.35 3122 5868 8423 70.61 81.27| 7239 3376 6166 147.27 80.14
J scopicity B values for ASO4, ANO3, ANH4 and AORGC
> (Bijqi,j/Paij) are assumed to be 0.5. The hygroscopidtyalue of 0.14
B = j=1 (9) is used for the SOA species (AALK, AXYL, ATOL, ABNZ,
J ATRP, AISO and ASQT). The hygroscopicity value for
j=1(q,,,/pa,,,,) aged SOA (AOLGA and AOLGB) is assumed to be 0.20. Ta-

ble 3 lists the molecular weight, density and hygroscopicity
whereg;, ; andp,,;,j are the mass mixing ratio and density, p values for each component used in this study.
respectively, for componentin aerosol modé. Petters and After the smallest activation, the dry radiug.;) for
Kreidenweis (2007) summarized the hygroscopidityalue  each mode is determined, the total numbés, i.e., cloud
ranges for different compounds on the basis of different meagroplet number) and masa/4c) activated for each mode

surements and estimations from the different investigatorsean be calculated as follows (Abdul-Razzak and Ghan, 2002,
Note that the single parametervalue in Petters and Krei-  2000):

denweis (2007) is practically equivalent to the hygroscopic-

ity B value here (Liu and Wang, 2010). Koehler et al. (2009) ! 1

estimated that the hygroscopiciy values for (NH)2SO Nact= ZN’E[l_ erf(ui)], (10)
and NaCl ranged from 0.33 to 0.72 and 0.91 to 1.33, respec- ’:Il 5

tively. The hygroscopicity values for anthropogenic SOA 1 32

range from 0.06 to 0.14 (Prenni et al., 2007), and for bio- "/2ct= ;M,E[l—erf(u,- -5 @Ml (11)
genic SOA, they range from 0.06 to 0.23 (Prenni et al., 2007; =

King et al., 2010). Elemental carbon is generally consideredvhere
non-hygroscopicg = 0). Jimenez et al. (2009) showed that 2In(Sm,i / Smax)
the hygroscopicity of SOA changes from 0 to 0.2 becauseti = W
of its aging in the atmosphere. On the basis of the measure- !
ments for three mineral dust samples (dust from the Canaryrhe total aerosol number and mass concentrations are sep-
Islands, outside of Cairo, and Arizona Test Dust), Koehler etarated into interstitial (referring to aerosol particles that are
al. (2009) reported that the hygroscopicity values for the min-not activated to form cloud droplets) and cloud-borne (acti-
imally processed dust particles vary from 0.01 to 0.08, withvated) portions based on the values of activated fractions with
a suggested median value of 0.03. In this study, the hygrothe above equations. Itis also assumed that all cloud droplets

(12)
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Figure 6a. Comparison of observed and modeled CAM (WRF- Figure 6b. Comparison of observed and modeled CAM (WRF-
CMAQ/CAM) and RRTMG (WRF-CMAQ/RRTMG) PMs and CMAQ/CAM) and RRTMG (WRF-CMAQ/RRTMG) PMs and

its chemical composition at the IMPROVE, CASTNET and STN its chemical composition at the IMPROVE, CASTNET and STN
sites over the eastern US (longitude >3p0 sites over the western US (longitude < 2P0

are formed either when a cloud forms within a layer or asrison cloud microphysics scheme predicts both number con-
air flows into the cloud. For stratiform (resolved) clouds, centrations and mass mixing ratios of five hydrometer types
the scheme of activation (Ghan et al., 1997; Abdul-Razzak{cloud droplets, ice crystals, rain droplets, snow particles
and Ghan, 2002, 2000) only accounts for both resolved andnd graupel particles) and water vapor, and describes several
turbulent transport of air into the base of the cloud, but ne-microphysical processes that include auto-conversion, self
glects droplet formation on the sides and the top of the cloudcollection, collection between hydrometeor species, freez-
An implicit numerical integration scheme for the treatment ing, cloud ice nucleation and droplet activation by aerosols
of cloud droplet nucleation and vertical diffusion of cloud and sedimentation. The resulting cloud drop number concen-
droplets simultaneously is performed by expressing cloudrations were supplied to the Morrison cloud microphysics
droplet nucleation in terms of a below-cloud droplet num- scheme to allow estimation of aerosol effects on cloud opti-
ber concentration diagnosed from the nucleation flux andcal depth and microphysical process rates for indirect aerosol
the eddy diffusivity (Abdul-Razzak and Ghan, 2002, 2000). radiative forcing (including first and second indirect aerosol
When a cloud dissipates in a grid cell, cloud droplets evap-forcing) by tying a two-moment treatment of cloud water
orate and aerosols are resuspended,; i.e., they are transferrédass and number) to precipitation (the Morrison cloud mi-
from the cloud-borne to the interstitial state. The newly simu-crophysics scheme) and two alternative radiation schemes
lated cloud droplet number concentrations are updated due ttRRTMG and CAM) in the WRF model. It should be noted
the transport processes like other species in the model beforthat the original default aerosol activation processes that
being added to the Morrison et al. two-moment cloud mi- are based on Khvorostyanov and Curry (1999) were turned
crophysics scheme (Morrison et al., 2009, 2005). The Mor-off in the study to avoid double accounting of the aerosol
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activation. Radiation schemes used in the numerical mod- e ——+——————————3 15 T
els are very sensitive to the effective radius; Slingo (1990) i vl - 504 STNammos
showed that decreasing the effective radius of cloud droplets | :PM2S(STN.capl2) SN
from 10 to 8 um would result in atmospheric cooling that ¢ Ela
could offset global warming from doubling the G@on- 0 f ] "
tent of the atmosphere. In the Morrison cloud microphysics : E d,@’ o ]
scheme, the cloud drop effective radiug) (s defined as the g PM, 555"@& -9 so,*
ratio of the third to the second moment of the gamma droplet 10 womy 1 e (g
size distribution as follows (Morrison and Grabowski, 2007): Koo 0 e

GO 0 % 0 4 0 0 O o c N

T(u+4) o Naemmmey” 1 aeE o Nosomman”
re= S—=, 4% (13) 4r s NH4 (STN-cam-18) 251 ]
2T (u+3) . & NH4 (STN-rriprg-12)

whererl is the Euler gamma function and cloud droplet num-
ber concentrationd/c(D) are assumed to follow the gamma
size distribution

N¢(D) = NgoD e P, (14) ¢ tem)
whereD, N¢ andx are the diameter, the intercept parame-  ° ' % ot S D 0, 2 2808
ter, and the slope parameter, respectively 1/n%—1 is the g s/ S
spectral parameter (is the ratio between the standard de- s 2 Ie g“*ﬂm;ﬂ){
viation of the spectrum and the mean radius for the relative 8. ]
radius dispersion), ang is calculated as follows (Martin et wle & ]
al., 1994; Morrison and Grabowski, 2007): Fede 1
o [anEls ]
n =0.0005714V. +0.2714 (15) by N
[ =2 (K Cgm?)
whereN. is the cloud droplet number concentration (ch o 5 - 10 - 15 T

These cloud droplet effective radii from the Morrison cloud Observation
microphysics scheme are used in the RRTMG (or CAM) ra- Figure 7. Comparison of observed and modeled CAM (WRF-
diation schemes directly, and this will affect the radiation cyjaQ/cAM) and RRTMG (WRF—CMAQ/RRTMG) PMs and

fields accordingly. its chemical composition at the STN sites over eastern Texas from

o . the simulations on the 4 km and 12 km resolution model grids.
2.2.2 Glaciation indirect aerosol forcing

To estimate the glaciation indirect aerosol forcing, the cloudin Eqgs. (16) and (17)¢1, a2, b1, b2, b3, ¢1 andcs are co-

ice number concentrations were estimated from the activaefficients for the homogeneous nucleation parameterization.
tion of the CMAQ-predicted sulfate, black carbon, dust andThe ice crystal number concentrations; §) formed from
organic aerosols with an ice nucleation scheme used in th@nmersion nucleation of soot or mineral dusts{ through
NCAR Community Atmospheric Model (CAM) (Liu et al., the heterogeneous nucleation on the basis of classic nucle-
2007). The detailed description of the ice nucleation schemetion theory (Pruppacher and Klett, 1997) are calculated as
is given by Liu et al. (2007) and Liu and Penner (2005). follows:

Briefly, in this scheme, the ice crystal number concentration

(Ni.a) from homogeneous nucleatior§0°C <7 < —35°C)  Nis = min{exp((azilnw + a22) + (a11lnw +a12)T)

is a function of temperaturel'), updraft velocity () and Npalnwtb+bunwtbidT N (18)

sulfate aerosol number concentratiavy), and is calculated

as follows: whereaz11, a1z, a»1, azz, b11, b1z, bo1, and by are coeffi-
For higherT and lowerw (the fast-growth regime), cients.

In the original version of the ice nucleation scheme in the
Ni.a= min{explaz + boT + coInw)Ngroal e vy - (16)  NCAR Community Atmospheric Model (CAM) (Liu et al.,
2007), the deposition/condensation nucleation of ice crys-
tals in mixed-phase clouds is represented by the Meyers
et al. (1992) formulation that does not allow ice number
o concentrations to depend on the aerosol number concentra-
Ng* +b1T +c1lnw, Naj. (17) tion. In the new version used in this work, the ice number

while for lowerT and highem (the slow-growth regime),

Ni.a=min{exp(az + (b2 +bzInw)T 4 c2Inw)
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is the saturation ratio of water vapor with respect to iEe,

is temperaturey is assumed to be.05870% /pc m3 kg1

(y =2 andpc =0.76 kgn3), c = 1000 N3, andH, (S;, 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 ap-
proach of Young (1974) as follows (Liu et al., 2007):

Nfrz,cnt = 47 ryNdNentDent/ pos (22)
where
Nent= Nao(27016— T)13 (23)
kgTC,
ont= = (24)
7T AV ent

wherery, Ng, 00, Nao, kB, rent, Ce, 0 and T are the volume
mean droplet radius, cloud droplet number concentration,
air density, the number concentration of dust particles for
each mode (dust accumulation and coarse modes), the Boltz-
mann constant, the aerosol (dust) number mean radius, the
Cunningham correction factor, viscosity of air, and temper-
ature, respectively. The original contact freezing scheme in
the Morrison cloud microphysics scheme that 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 the es-
timation of aerosol effects on ice optical depth and micro-
physical process rates for indirect glaciation aerosol radia-
tive forcing by tying a two-moment treatment of cloud ice
(mass and number) to precipitation (the Morrison cloud mi-
crophysics scheme) and two radiation schemes (RRTMG and
CAM) in the WRF model. Calculation of the ice effective
radius is complicated by the non-spherical geometry of ice
crystals. In the Morrison cloud microphysical scheme, the
parameterization of Fu (1996) for derivation of the ice effec-

concentration from the deposition/condensation nucleatiorfive diameter De;) is employed as follows (Morrison and
on dust/metallic, black carbon and organic aerosols with theGrabowski, 2007):

size intervalilogDx is estimated by the approach of Phillips p, . _ 2v/3IWC/(3p; Ac)

et al. (2008) as follows:

o
Nix = {1—exp—ux(Dx,S;, )]}
log(0.1pum)
an
————dlog(D 19
X diog(Dy) 0g(Dx) (19)
« dQ
x = Hy (1. E(T) (S ) s 22
X,1,% nx
for T <0°C and 1< §; < §” (20)
n1N,1,*(T, S;) = I/ICequz.96(Si —1)—-0.639
for T>—-25°C and 1< §; <S5, (21)

where X represents dust/metallic, black carbon and organic
aerosolsu x is the average of the number of activated ice em-

bryos per insoluble aerosol particle of si2g, %2—; ~ 1 Dy,
ny is the number mixing ratio of aerosols in groip S;

www.atmos-chem-phys.net/14/11247/2014/

(25)

where IWC is the ice water content add is the projected
area of the crystals from the given A (projected area) to
D (dimension) relationship integrated over the size distribu-
tion (Morrison and Grabowski, 2007). The A-D relationship
varies as a function of crystal habit, degree of riming and par-
ticle size. These ice effective radii from the Morrison cloud
microphysics scheme are used in the RRTMG and CAM ra-
diation schemes directly, and this will affect the radiation
fields accordingly.

3 Observational data sets

3.1 PM;y5 and its chemical component observations at
the surface sites

Over the continental United States, four surface monitor-
ing networks for PM s measurements were employed in

Atmos. Chem. Phys., 14, 1124285 2014
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12 km (CERES) SWCF WRF-CMAQ (CAM) WRF-CMAQ (RRTMG)
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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 the 12 km resolution simulation over the CONUS for August of 2006.

this evaluation: Interagency Monitoring of Protected Visual continental United States are available from the US EPASs
Environments (IMPROVE), the Speciated Trends Network AIRNow network, resulting in nearly 1.2 million hourlyO
(STN), the Clean Air Status Trends Network (CASTNET) observations for the studied period.

and the Air Quality System (AQS), each with its own and

often disparate sampling protocol and standard operating 5  gateliite cloud observations from CERES
procedures. In the IMPROVE network, two 24h samples

are collected on quartz filters each week, on Wednesda%_ .
I . ; ; he NASA Clouds and the Earth’s Radiant Energy System
and Saturday, beginning at midnight local time (Sisler and ) ) . . .
uraay, Beginning eng ime (Sis (CERES) is a suite of satellite-based instruments designed

Malm, 2000). The observed P, SO, NO;, elemental . . .
carbon (EC) and organic carbon (O4C) data3 are available a}o measure the top-of-atmosphere (TOA) radiation fields si-
ultaneously with cloud properties. The CERES scanners

155 rural sites across the continental United States. The STI{"

) ; ted on three satellites (the Tropical Rainfall Measur-
(http://www.epa.gov/air/data/agsdb.hjridllows the proto- operateo . )
col of the IMPROVE network (i.e., every third day collec- ing Mission (TRMM) and the Moderate Resolution Imaging

tion), with the exception that most of the sites are in ur- Spectroradiometer (MODIS) Terra and Aqua satellites) in

_ _ hich data from the TRMM visible infrared scanner (VIRS)
ban areas. The observed Py SOf1 , NO;, and NI—[f data W
are available at 182 STN sites within the model domain_(Kummerow et al., 1998) and the MODIS Terra and Aqua

CASTNET (ttp://Awww.epa.gov/castngttollected the con- (Barnes et al., 1998) satellites are used for discriminating be-

centration data at predominately rural sites using filter packéween clear and cloudy scenes, and for retrieving the prop-

that are exposed for one-week intervals (i.e., Tuesday toerties of clouds and_ aerosols. I_n this study, the monthly
Tuesday). The aerosol species at the 82 CASTNET site ata of cloud properties are obtained from the CERES SSF

LT L _ Single Scanner Footprint) 1deg Product Edition2.6 (CERES
used in this evaluation include éQ NO3, and NH;. The ,
hourly near-real-time Pl data at 840 sites in the conti- Tgrlril \SNS.FI.ldk(.ag'l'tel—Efgé%) ttth "’.‘/t/ was rte Ieﬂsed on 11 J/uly
nental United States are measured by tapered element oscﬁ- ( ielick et al., h p-/iceres-tool.larc.nasa.gov
lating microbalance (TEOM) instruments at the US EPA's ord-tool/jsp/SSF1degSelection.JspMonthly means are cal-
Air Quality System (AQS) network sites. The hourly, near- culated using the combination of observed and interpolated

real-time @ data for 2006 at 1138 measurement sites in theparamet(_ers from all days containing. at least one CERES
Q observation. CERES SSFldeg provides CERES-observed
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Figure 10.Same as Fig. 9, but for the eastern Texas domain on the basis of the 4 km resolution simulation for August of 2006.

temporally interpolated top-of-atmosphere (TOA) radiative 8. For August of 2006, both WRF-CMAQ/CAM and WRF-
fluxes and coincident MODIS-derived cloud and aerosol CMAQ/RRTMG overestimated the observed Péat the
properties at daily and monthly tegional, zonal and global AQS sites, mainly because of the overestimation of total car-
time—space scales. The cloud parameters used in this studyon (TC) according to the results at the STN urban sites as
include cloud area fraction (day—night), liquid water path, shown in Table 6. Table 6 also shows that the fewer overes-
water particle radius, ice particle effective radius, and cloudtimations of PM s for the 12 km resolution simulations rela-
visible optical depth (day—night). The TOA radiation fluxes tive to the 4 km resolution simulations are due to the fact that
include (clear-sky and all-sky) shortwave fluxes and (clear-the results of the 12 km resolution simulations have more un-
sky and all-sky) longwave fluxes. Following Harrison et derestimations of Sﬁ), NH;, and NG for both models.

al. (1990), the shortwave (longwave) cloud forcing SWCF This is because of the underestimation of cloud fields in the
(LWCF) at the TOA was calculated as the difference betweernl2 km resolution simulations, as indicated in Sect. 4.2 below.
the clear-sky reflected shortwave (outgoing longwave) radiaSimilar performance trends in the two models are also noted
tion and the all-sky reflected shortwave (outgoing longwave)for September of 2006, as shown in Table 8. However, the

radiation at the TOA for both models and observations. model performance for Sfp is very good, with the NMB
less thant6 %.
3.3 Model evaluation protocol To evaluate model performance, regression statistics along

with three measures of bias (the mean bias (MB), normal-

The results over the eastern Texas domain for both the 4 an@ed MB (NMB) and normalized MB factor, NMBF), three
12 km resolution simulations are summarized in Tables 6 andneasures of error (the root mean square error (RMSE),
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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 (W nT2) over the land and ocean of the eastern US and the western US (in parentheses) of the CONUS from 12 km resolution
simulations and over 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
12km, land 12km, ocean 4 krh 12km, land 12 km, ocean 4km
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(79.0D) 866(1104) 1080(783) 256(55.00)
Correlation 0.96(0.96) 0.90(0.91) 0.70(0.8R) 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) —47.2324.76) —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(79.0D) 866(1104) 1080(783) 256(55.00)
Correlation 0.96(0.95) 0.93(0.92) 0.45(0.8b) 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(79.0D) 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(79.0D) 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) 48.67418.04) —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)

normalized mean error (NME) and normalized mean errortion at the TOA for both configurations and CERES observa-
factor, NMEF), and the correlation coefficient) ((Yu et tions.

al., 2006, Gustafson and Yu, 2012) were calculated. Follow-

ing the protocol of the IMPROVE network, the daily (24 h) . ,

PM, 5 concentrations at the AQS sites were calculated from? Results and discussion
midnight to midnight local time of the next day on the basis

of hourly PM;5 observat.lons. To eyaluate Fhe model perfor- CMAQ with an aerosol indirect effect, the results of the
mance on cloud properties, following Harrison et al. (1990), . .
model performance on air quality (aerosol ang) @re pre-

the shortwave (longwave) cloud forcing SWCF (LWCF) at
the TOA was calculated as the difference between the clear§ented’ followed by the results of the model performance on

sky reflected shortwave (outgoing longwave) radiation andCloud properties.
the all-sky reflected shortwave (outgoing longwave) radia-

To evaluate the newly developed two-way coupled WRF—
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Table 10.Same as Table 9, but for monthly LWCF in August and September of 2006.
August \ September
12km, land 12km, ocean 4 krh 12 km, land 12km, ocean 4km
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(0.8R) 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(0.8R) 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(43.84) 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)

4.1 Model performance evaluation for PMp 5, O3 and

PM5_ 5 chemical composition

8 for September of 2006.

4.1.1 PM.and Oz at the AQS sites

www.atmos-chem-phys.net/14/11247/2014/

daily maximum 8h @ with values greater than 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—
The results of model performance evaluation are summarize€ MAQ/CAM (WRF-CMAQ/RRTMG), respectively, when

in Tables 4, 5 and 6 for August of 2006 and in Tables 7 andonly data of maximum 8 h @with concentrations greater
than 40 ppbv are considered. These values are much lower
than the corresponding results when all data are considered,
indicating that the overestimation in the lows ©oncentra-

tion range contributes significantly to the overall overestima-
Table 4 and Fig. 4a clearly indicate that over the tionforboth models, especially when only data over the east-

CONUS, both models (WRF-CMAQ/CAM and WRF- €rnTexas domain are used, as shown in Table 4. The overesti-
CMAQ/RRTMG) reproduced the majority of the observed mation in the low @ concentration range could be indicative
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Table 11.Same as Table 9, but for monthly COD in August and September of 2006.

S. Yu et al.: Aerosol indirect effect on the grid-scale clouds in the two-way coupled WRF-CMAQ

August \ September
12km, land 12km, ocean 4 krh 12km, land 12km, ocean 4km
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(0.5D) 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(0.6%4) 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(3.7_2) 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) 0.553.23) 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(2.4%) 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)

of titration by NO in urban plumes that the model does notFig. 5. Following Eder and Yu (2006), the results over the
resolve, because many AQS sites are located in urban areaSONUS were separated into the eastern (EUS, longitude
as pointed out by Yu et al. (2007). One of the reasons forgreater thanr-100° W) and western US (WUS, longitude less
more G overestimation for the 4 km resolution simulations than —100° W). Figure 5 indicates that both models cap-
relative to the 12 km resolution simulations over the easterrtured the majority of observed daily P values within
Texas domain is the boundary conditions used in the 4 kma factor of 2, but generally underestimated the observa-

simulations, although the model performance fari®still

tions in the high PMs concentration range. The domain-

reasonably good, because the NMB values are less than 37 %jide mean values of MB and RMSE for all daily BNl at
as listed in Table 4. The model performance for both modelsghe AQS sites for August of 2006 over the EUS are 0.81
(—0.02) and 10.70 (10.20) ugTd, respectively, for WRF—

for Oz concentrations is similar.

The model performance for P\ at the AQS sites for

CMAQ/CAM (WRF-CMAQ/RRTMG), and those for NMB

August of 2006 is summarized in Tables 5 and 6, and inand NME are 5.3€0.1) % and 49.9 (48.6) %, respectively,

Atmos. Chem. Phys., 14, 1124721285 2014
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Table 12.Same as Table 9, but for monthly cloud fractions in August and September of 2006.
August \ September
12km, land 12km, ocean 4 krh 12 km, land 12 km, ocean 4km
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(0.9%) 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(0.98)  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(61.0D) 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) 0.930.02)
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)

for WRF-CMAQ/CAM (WRF-CMAQ/RRTMG). The re- STN urban sites that also have consistent overestimation of

sults over the WUS are similar to those over the EUS. GenerPMs; 5, the overestimations of PM at these urban locations

ally, WRF-CMAQ/CAM simulated higher PM2.5 levels than by both models primarily result from the overestimations of

WRF-CMAQ/RRTMG. SO, NHj, NO3, and TC over the EUS. Over the WUS,
The model performance for PM at the AQS sites dur- both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG over-

ing September of 2006 is summarized in Tables 7 and 8estimated the observed BMl at the AQS sites by factors of

There are greater overestimations of P/Min September  1.65 and 1.55, respectively, mainly due to the overestima-

relative to those in August. Over the EUS, both WRF-tions of TC according to the results at the STN urban sites in

CMAQ/CAM and WRF-CMAQ/RRTMG overestimated the Table 7b.

observed Pgs at the AQS sites by factors of 1.30 and 1.27,

respectively, as indicated by the normalized mean bias factor

(NMBF) (Yu et al., 2006). According to the results at these
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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 (inch monthl) over the land of the eastern US and the western US from 12 km resolution simulations and over the
eastern Texas domain from the 4 km resolution simulations in August and September of 2006.

August \ September
12km (east) 12km (west) 4 kdp 12km (east) 12km (west) 4km
WRF-CMAQ/CAM

Mean (obs) 3.86 1.58 1.7 3.99 1.48 3.35
Mean (model) 5.40 291 1.3 3.12 1.40 2.72
Number 28391 25527 2508 28391 25680 25088
Correlation 0.45 0.75 0.1 0.63 0.77 0.20
MB 154 1.33 -0.37 -0.87 —-0.08 -0.63
RMSE 3.14 2.43 1.7 1.78 0.75 2.44
NMB (%) 39.96 83.77 —-21.13 —-21.81 —-5.58 -18.81
NME (%) 59.46 94.98 71.4 35.01 35.14 54.04
WRF-CMAQ/RRTMG
Mean (obs) 3.86 1.58 1.7 3.99 1.48 3.35
Mean (model) 5.84 3.03 1.4 3.27 1.45 3.56
Number 28391 25527 2508 28391 25680 25088
Correlation 0.43 0.77 0.2 0.62 0.77 0.33
MB 1.98 145 -0.27 -0.71 —0.03 0.21
RMSE 3.61 2.56 1.7 1.78 0.75 2.66
NMB (%) 51.34 91.30 -15.40 —-17.85 —-2.32 6.22
NME (%) 67.58 100.97 69.0 34.33 35.15 54.46
WRF/CAM
Mean (obs) 3.86 1.58 1.7 3.99 1.48 3.35
Mean (model) 4.38 3.44 1.2 2.40 1.23 2.94
Number 28391 25527 2508 28391 25680 25088
Correlation 0.39 0.66 0.2 0.51 0.65 0.36
MB 0.52 1.86 —0.53 —1.59 —-0.26 -0.42
RMSE 5.40 3.13 15 2.37 0.90 2.12
NMB (%) 13.38 117.52 -30.00 —39.89 —17.30 -12.39
NME (%) 70.66 127.25 63.4 47.06 42.54 45.27
WRF/RRTMG
Mean (obs) 3.86 1.58 1.7 3.99 1.48 3.35
Mean (model) 3.93 3.56 1.2 2.45 1.25 2.85
Number 28391 25527 2508 28391 25680 25088
Correlation 0.44 0.57 0.2 0.50 0.63 0.36
MB 0.07 198 -0.52 —1.54 —-0.24 -0.50
RMSE 2.71 3.56 1.5 2.36 0.91 2.10
NMB (%) 1.87 124.83 —29.20 —38.58 —16.06 —-14.87
NME (%) 50.34 141.06 63.3 46.24 42.66 45.13
4.1.2 PM 5 and its chemical composition at the the CASTNET, IMPROVE and STN sites, respectively. Both
CASTNET, IMPROVE and STN sites models underestimated the observedj{l\m 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 less thah7 %. Both models over-
estimated the observed $6y more than 98 % at the CAST-
NET sites. The comparison of the modeled and observed to-
tal sulfur (SCS_Jr SO) at the CASTNET sites in Fig. 8 and
Table 5a reveals that both models overestimated the observed

Over the EUS for the 12 km resolution simulations of Au-
gust 2006, the examination of the domain-wide bias and
errors (Table 5a and Figs. 6-7) for different networks re-
veals that the WRF—-CMAQ/CAM (WRF-CMAQ/RRTMG)
consistently underestimated the observedSﬁy —23.0%
(—27.7%),—-12.5% 18.9%) and—7.9% (—14.8%) at
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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 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. and by 23.8, 52.2 and 29.7 % for WRF—-CMAQ/RRTMG,

respectively. As pointed out by Yu et al. (2012), since IM-
PROVE and the model emissions inventory use the thermo-
_ optical reflectance (TOR) method to define the split between

total sulfur systematically and that the modeled mean totaly- 44 EC, while the STN network used the thermo-optical
sulfur values are higher than the observations by 25.3 ang,;nsmittance (TOT) method, only the determination of to-
21.8 % for WRF-CMAQ/CAM and WRF-CMAQ/RRTMG, 5| carhon (TC= OC + EC) is comparable between these
respectively. This indicates too much S@mission in the 1 analysis protocols. Therefore, Table 5a only lists the per-
emissions inventory and that not enough gaseous @@-  ormance results for TC comparisons from the STN sites.
centrations were oxidized to produce aerosoﬁSGh the  The very small NMB values (<3 %) but large NME values
models. Although the NMB values for aerosol Bl@re less (> 48 %) for both models indicated that there is a large com-
than 60 %, as shown in Table 5a, the poor model performancgensation error between the overestimation and underestima-
for NO;' (see the scatter plot in Fig. 6a and the correlation oftion of the observed TC concentrations at the STN sites in the
less than 0.40 in Table 5a) is related in part to volatility issuesmgdel simulations. The model performances for2Mt the
for measurements associated with N@nd their exacerba- | \MPROVE and STN sites are reasonably good, with NMB
tion because of uncertainties associated witﬁS@wd total  values of~13.2 and-0.7 % for WRF—-CMAQ/CAM, respec-
NHjlr simulations in the model (Yu et al., 2005). Table 5a tively, and—16.8 and-6.2 % for WRF—-CMAQ/RRTMG, re-
indicates that both models overestimated the observed measpectively. One of the reasons for the consistent underesti-
OC, EC and TC concentrations at the IMPROVE sites bymations of PM5 is the consistent underestimation ofﬁSO
25.9, 54.9 and 31.9 % for WRF—-CMAQ/CAM, respectively, due to the fact that the model generally underestimated the

Figure 12.Same as Fig. 11, but for September of 2006.
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12 km (CERES) LWCF WRF-CMAQ (CAM) WRF-CMAQ (RRTMG)

August 14,2006 0:00:00 August 1,2006 0:00:00 August 1,2006 0:00:00
Min= -1254 at (1,220), Max- 69 at (114,12) Min= -3 at (33.157), Max= 130 at (123,6) Min=  0at (52.111), Max= 115 at (127.4)

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

August 1,2006 0:00:00 August 1,2006 0:00:00
Wm-2 Min= -0 at (26.178). Max= 154 at (434.83) Min= 0 at (29.157), Max= 111 at (440,101)

Figure 13.Same as Fig. 9, but for LWCF.

cloud field as analyzed below, which caused underestimatioomodels had slight underestimations of TC at the STN sites
of aqueous S§T production. by less than 13 %. The model performances forBMNt the
Over the WUS for the 12 km resolution simulations of Au- IMPROVE and STN sites are reasonably good, with NMB
gust 2006, Table 5b shows that WRF-CMAQ/CAM (WRF- values of less than 15 %.
CMAQ/RRTMG) still consistently underestimated the ob-  The results for September are different from those of Au-
served S@‘ by —23.9% (-24.5%) and-4.2% (—9.5%) at  gust in the following respects over the EUS and the WUS.
the CASTNET and STN sites, respectively, while both mod- Over the EUS, both models had slight overestimations of
els had slight overestimations of the observecﬁS@t the sof; at both the IMPROVE and STN sites, with the NMB
IMPROVE sites, with the NMB less than 15 %. Both mod- less than 20 %, but with slight underestimations at the CAST-
els underestimated the observedj\lht both the CASTNET NET sites, with NMB less than-11%, as shown in Ta-
and STN sites by more than 34 %. Both models also overesble 7a. This is consistent with the fact that both models gen-
timated the observed Sy more than 47 % at the CAST- erally overestimated the cloud field for September, as ana-
NET sites. The comparison of the modeled and observedyzed below. Both models consistently overestimatequh-l
total sulfur (scﬁ*+ SO,) at the CASTNET sites in Fig. 8 September by more than 20 %, especially at the CASTNET
and Table 5b reveals that both models had a good perforsites. Both models also had consistent overestimations of the
mance for the observed total sulfur, with NMB less than 6 %.observed S@ and total sulfur at the CASTNET sites, like
This indicates a reasonable total S€mission in the emis- in August, and consistent overestimations of mean OC, EC
sions inventory and that gaseous ;S€ncentrations were and TC concentrations at the IMPROVE sites by more than
not oxidized enough to produce aerosoliscm the models 32 %. The model performance for BM at the IMPROVE
over the WUS. Like the EUS, both models have poor perfor-and STN sites is reasonably good, with general consistent
mance for aerosol ND, but had serious underestimations in overestimations instead of underestimations. Table 7a shows
all networks by a factor of more than 2, especially at both thethat both models generally overestimated all J2Mpecies
CASTNET and STN sites, as shown in Fig. 6b and Table 5b.(SOfl‘, NO3, NH;{, OC, EC, TC) at the IMROVE and STN
This indicates overly low NQemissions in the emissions in-  sites.
ventory over the WUS. Table 5b indicates that both models Over the WUS for September, both models had similar
overestimated the observed mean OC, EC and TC concentrgerformances for ng, NH}, SOy, and total sulfur to those
tions at the IMPROVE sites by more than 38.6 %, while both of August for different networks. Like August, both models
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4 km (CERES) LWCF WRF-CMAQ (CAM) WRF-CMAQ,(RRTMG)

171 171 7

1 153

August 14,2006 0:00:00 August 4,2006 0:00:00 August 4,2006 0:00:00
Min= 12 at (49.94), Max=  35at(123,39) Min= 6 at (128,141), Max= 54 at(111,12) Min= & at (125,141), Max= 50 at (95.17)

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

171

1 153

August 4,2006 0:00:00 August 4.2006 0:00:00
Wm2  Min-  4at(131,141), Max— 59 at (100,18) Min=  4at(133,142), Max= 49 at (94,16)

0

Figure 14. Same as Fig. 10, but for LWCF.

had consistent overestimations of OC, EC and TC concentraeloud fraction) were used. To compare the model results with
tions at the IMPROVE sites, but also had an overestimationthe CERES observations, the 1:01.0° CERES data are in-

of TC at the STN sites, as shown in Table 7b in Septemberterpolated to the model domains for the 12 km resolution over
Both models had more overestimations of Pvat the M- the CONUS, and the 4 km resolution over eastern Texas. The
PROVE and STN sites in September than in August over theaesults for SWCF, LWCF, |SWCF|/LWCF, COD and cloud
WUS due to the fact that both models overestimated TC mordractions over the land and ocean areas of the EUS and WUS

in September than in August. are shown in Figs. 9to0 12, 13t0 16, 17 to 18, 19to 21 and 22
to 23, respectively. Tables 9 to 12 statistically summarize the
4.2 Model performance evaluation for cloud model performance for each case in August and September.
properties (SWCF, LWCF, COD, and cloud For reference, the results for the WRF only with the RRTMG
fraction) with CERES satellite observations and CAM radiation schemes are also shown in the figures and

tables. Since the CERES observational data are at a coarser
To gain insights into the model performance for the pa-resolution than the model, model results with the same ob-
rameterizations of cloud-mediated radiative forcing due toseryation are averaged to represent the model results for that
aerosols (i.e., indirect aerosol forcing) in the two-way cou- ghservation when scatter plots in Figs. 11, 12, 15, 16, 17, 18,

pled WRF-CMAQ modeling system, the CERES satellite 20, 21, 22 and 23 are drawn. As shown in Figs. 9, 11, 12,
observations of cloud properties (SWCF, LWCF, COD and
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Figure 15. Same as Fig. 11, but for LWCF. ; ;
9 g9- 14, Figure 16.Same as Fig. 15, but for September of 2006.

13, 15, 16, 17, 18, 19, 20 and 21, the model performances

are very different over the land and ocean areas for the 12 knelose. The NMB values for SWCF (LWCF) over the land of
resolution simulations over the CONUS domain. Therefore,the EUS in August of 2006 are11.74 % (27.86 %) and
the results over the land and ocean areas are presented sepa22.45% (-30.76 %) for WRF—CMAQ/CAM and WRF-

rately for these simulations in the following analysis. CMAQ/RRTMG, respectively, whereas over the land of
the WUS, they are-25.82% (-34.15%) and—33.40%
4.2.1 SWCF and LWCF comparisons (—35.45 %), respectively. The consistent underestimations of

SWCF and LWCF by both WRF-CMAQ/CAM and WRF-
Over the land areas of the EUS in August of 2006, asCMAQ/RRTMG indicate that the WRF-CMAQ model
shown in Tables 9 and 10, the domain means of the CERE$enerally underestimated the cloud field, although the
observations, WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF-CMAQ/CAM produced more cloud than the WRF-
WRF/CAM, and WRF/RRTMG for SWCF (LWCF), are CMAQ/RRTMG over the CONUS (both EUS and WUS) in
—60.90 (30.26),—53.75 (21.83),—47.23 (20.95),-51.13  August of 2006. The model performance for the land of the
(37.28), and—39.36 (26.98) W m?, respectively. Over the EUS is slightly better than that of the WUS. The results over
land areas of the WUS in August of 2006, the domain meansastern Texas from the 12 km resolution simulations are sim-
of the CERES observations, WRF-CMAQ/CAM, WRF- ilar to those over the CONUS, as shown in Table 9. One of
CMAQ/RRTMG, WRF/CAM, and WRF/RRTMG for SWCF the reasons for the underestimation of cloud in both WRF-
(LWCF), are —37.18 (30.33),—27.58 (19.97),—24.76 CMAQ/CAM and WRF-CMAQ/RRTMG is that the subgrid
(19.58),—39.54 (46.10), and-27.71 (29.23) W m?, respec-  convective clouds do not include these aerosol indirect ef-
tively. According to the CERES observations, the SWCF fects that may pose an issue for these 12 km simulations. This
values over the land of the EUS are much more negativas in agreement with the fact that both WRF-CMAQ/CAM
than those of the WUS, whereas their LWCF values are veryand WRF—CMAQ/RRTMG captured SWCF and LWCF very
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Figure 18.Same as Fig. 17, but for September of 2006.

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

WRF-CMAQ, especially over the ocean areas, due to the fact

that in the default WRF, cloud effective radii over the land
well for the 4 km simulations over eastern Texas, with NMBs and ocean are assumed to be 8.0 and 14.0 um, respectively,
within £10 %, as shown in Figs. 10, 11, 14 and 15 and Ta-and ice effective radius is assumed to be 14.0 um in the for-
bles 9 and 10. This is because the 4 km simulations were ablmulation for the calculation of the effective radius originally
to resolve subgrid convective clouds and include the aerosatleveloped by Kiehl (1994a). The results in Figs. 11 and 15
effects. On the other hand, underestimation obBMverthe  strongly indicate that the assumption of 14.0 um of cloud ef-
land areas of the EUS in August of 2006 as shown in Table 5dective radius over the ocean is not reasonable, because the
may also cause the underestimation of the CCN concentraW/RF-only cases completely misplaced cloud locations, with
tions, leading to the underestimation of cloud fields. negative correlations as shown in Tables 9 and 10. The results

Over the ocean areas of the EUS in August 2006, theof WRF—CMAQ/CAM and WRF-CMAQ/RRTMG have sig-

NMB values for SWCF (LWCF) are-7.75% (19.99%) nificant improvements for both SWCF and LWCF predic-
and —23.69% (27.70%) for WRF-CMAQ/CAM and tions over both the ocean and land relative to those of the
WRF-CMAQ/RRTMG, respectively, whereas over the oceanWRF-only cases. Grabowski (2006) also found that the for-
areas of the WUS, they are 9.20%-27.90%) and mulations for the calculations of the cloud effective radius
—14.64% (34.79%), respectively. WRF-CMAQ/CAM have a significant impact on the estimation of aerosol indi-
performed better for both SWCF and LWCF than WRF- rect effects.
CMAQ/RRTMG. CAM and RRTMG radiation schemes used Over the land areas of both the EUS and WUS for
different parameterizations to calculate the optical propertiesSeptember 2006, both WRF-CMAQ/CAM and WRF-
of cloud, in part leading to the different results for WRF— CMAQ/RRTMG captured SWCF slightly better than those
CMAQ/CAM and WRF-CMAQ/RRTMG. Figures 11 and 15 of August of 2006, with NMBs within—5%, as shown
and Tables 9 and 10 indicate that the WRF-only cases (botln Table 9, and Figs. 11 and 12. Both WRF-CMAQ/CAM
WRF/CAM and WRF/RRTMG) did not perform as well as and WRF-CMAQ/RRTMG also underestimated both SWCF
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12 km (CERES) COD WRF-CMAQ (CAM) WRF-CMAQ (RRTMG)

August 14,2008 0:00:00 ) August 1,2008 0:00:00 August 1,2006 0:00:00
Min- 09 at (80,65), Max- 13.8 at (19,137) Min= 0.0 at (207,1), Max= 34.1 at (135.4) Min= 00 at(211,1), Max= 255 at (135,4)

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

August 1,2006 0:00:00 ) August 1,2006 0:00:00
00 Min= 0.0 at (196.1), Max= 8.3 at (449,166) Min= 0.0 at (194,1), Max= 4.8 at (130.16)

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

and LWCF values over the land areas as in August 2006ber are about 10 % lower than August over the land areas,
possibly because the AIE on subgrid convective clouds areas shown in Table 9. Over the ocean areas for September of
not included for the model simulations at the 12 km resolu-2006, both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG
tion. With cloud resolving and global models, several studiescaptured both SWCF and LWCF very well, with slight over-
showed the effects of anthropogenic aerosols on convectivestimations (NMB values less than 16 %). For the 4km
clouds, pointing to invigoration of deep convective clouds. simulations over eastern Texas in September as in August,
For example, Isaksen et al. (2009) found that the impacts oboth WRF-CMAQ/CAM and WRF-CMAQ/RRTMG cap-
anthropogenic aerosols on net radiation at the TOA rangedured SWCF and LWCF very well, with NMBs withift12 %

from —3.5 to—1.0 W n1 2 for convective clouds with satel- for SWCF and NMB values less thah21 % for LWCF,

lite data and models. In a recent global modeling study, Wangas shown in Figs. 12 and 16 and Tables 9 and 10. Simi-
et al. (2014) concluded that anthropogenic pollution for thelar to August 2006, the results of WRF—-CMAQ/CAM and
present-day (2000) conditions as compared to pre-industriadWRF-CMAQ/RRTMG have significant improvements for
conditions (1850) impacted the convective clouds through in-both SWCF and LWCF, with much better correlations rela-
creases in cloud droplet number concentration and liquid andive to those of WRF default cases at 12 km resolutions, espe-
ice water paths, leading to broadened anvils of the convectiveially over the ocean. For the 4 km simulations over eastern
clouds. These changes in convective cloud micro- and macrofexas, both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG
physical parameters resulted in increases in SWCF of aboutave significantly better performances for SWCF than the
2.5Wn12 and LWCF of about 1.3 W m? at TOA (Wang et corresponding WRF/CAM and WRF/RRTMG in both Au-
al., 2014). Other reasons for underestimations in SWCF angjust and September in terms of the NMB values as listed
LWCF in the present study may be related to model config-in Table 9, whereas for LWCF in Table 10, both WRF-
uration such as placement of the model top at about 50 hP&CMAQ/CAM and WRF-CMAQ/RRTMG have better perfor-
resulting in a less accurate representation of cirrus clouds omances in August and close performances in September rel-
even the absence of very high-altitude cirrus clouds. Neglectative to the corresponding WRF/CAM and WRF/RRTMG.
ing AIE on shallow subgrid-scale convective clouds as well This indicates that it is necessary to include the aerosol fields
as subgrid-scale layer clouds and subgrid-scale mixed phaseom the air quality model (CMAQ here) in the meteoro-
clouds may also lead to the underestimations in SWCF andiogical models (WRF here) to simulate cloud fields. Note
LWCF in the current work. The SWCF values for Septem- that other factors such as the turbulence, convection and/or
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Figure 20. Same as Fig. 11, but for COD for August of 2006. Figure 21.Same as Fig. 11, but for COD for September of 2006.

microphysics parameterizations can also be very important
for simulating cloud fields. than~ 2.5, indicating that both configurations overestimated
Cloud radiative forcing depends on both cloud radiative low clouds, stratocumulus and cumulus. On the other hand,
properties and cloud microphysical properties. The SWCF isover both the land and ocean areas of the WUS in August
mostly dominated by low and middle clouds, except in re- 2006, both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG
gions of deep convection, where very bright stratiform anvils performed very well when~0.2<N <~2.5, and signifi-
may contribute significantly, whereas the LWCF is mostly cantly overestimated the observad values whenN was
dominated by high clouds (Lauer et al., 2009). The ratio ofgreater than- 2.5 or whenN was less than- 0.2, as shown
|[SWCF| and LWCF § = |[SWCF|/LWCF) can be used to in Fig. 17, suggesting that both configurations underesti-
indicate averaged cloud height, e.g., smalfewith higher mated high clouds, cirrus and cirrostratus but overestimated
clouds (Su et al., 2010). As summarized by Taylor (2012),low clouds, stratocumulus and cumulus over the land and
|SWCFps> LWCF for low clouds, stratocumulus and cumu- ocean areas of the WUS. Figure 17 also shows that there are
lus and LWCEs |SWCF| for high clouds, cirrus and cir- not many high clouds, cirrus and cirrostratus over both the
rostratus (Hartmann and Doelling, 1991; Stephens, 2005)land and ocean areas of the EUS in August 2006, according
whereas there is a cancelation between SWCF and LWCFo both observations and model results. The results also indi-
(ISWCFR LWCF) for deep convective clouds (Kiehl and cate that the WRF default cases underestimate the observed
Ramanathan, 1990; Kiehl, 1994b). The ratios of |[SWCF| andV values whenV is greater than- 2.0 for the whole domain,
LWCF (N values) in Fig. 17 show that over both the land indicating that both WRF/CAM and WRF/RRTMG underes-
and ocean areas of the EUS in August 2006, both WRF+imated low clouds, stratocumulus and cumulus everywhere.
CMAQ/CAM and WRF-CMAQ/RRTMG performed very Both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG per-
well when theN values were less thar 2.5, but signifi-  formed very well when- 0.2 <N <~ 2.5 over the model do-
cantly overestimated observed N values whewas greater main, much better than the corresponding WRF/CAM and
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Figure 22. Same as Fig. 11, but for cloud fractions (CLDFRC) for T Ciorre (ceﬁes oﬁ) :
S,
August of 2006.

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

WRF/RRTMG, indicating the importance of including the

aerosol effect in the meteorological models.

The results of thev values for September 2006 in Fig. 18 ber, both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG
are similar to those for August, except that the WRF defaultconsistently underestimated the observed COD, with more
cases (WRF/CAM and WRF/RRTMG) also overestimatedunderestimation over the WUS, as shown in Table 11 and
low clouds, stratocumulus and cumulus over the model doFigs. 20 and 21, being consistent with the general under-
main and the land areas of the WUS and that there were nagstimations of SWCF as indicated in Sect. 4.2.1. Over the
many high clouds, cirrus and cirrostratus, according to bothocean areas of both the EUS and the WUS in August

observations and model results in September. and September, WRF—CMAQ/CAM captured the observed
COD very well, with NMBs within+£10 %, whereas WRF—
4.2.2 COD comparisons CMAQ/RRTMG underestimates the observed COD by more

than 28 %. The results of COD for the 4 km simulations over
The COD values are determined by the cloud liquid waterthe eastern Texas domain are better than those of the 12 km
path (LWP) and the cloud effective radius, and the LWP issimulations over the land of the EUS in August for both
strongly dependent on external dynamical forcing parameWRF-CMAQ/CAM and WRF-CMAQ/RRTMG, as shown
ters, such as the large-scale divergence rate (Ghan et ain Table 11. However, in September, the results of COD
2001a; Lu and Seinfeld, 2005; Seinfeld and Pandis, 1998)for the 4 km simulations over the eastern Texas domain are
Comparisons of mean COD from models with observationsnot better relative to those of the 12 km simulations. One of
for August are shown in Fig. 19, and their scatter plots arethe reasons for this is that in September, all model results
shown in Figs. 20 and 21. Table 11 statistically summa-(WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM
rizes the results of model performances. Over the land arand WRF/RRTMG) underestimated COD significantly in
eas of both the EUS and the WUS in August and Septemthe 4 km simulations, but not in the 12 km simulations, as
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WRF-CMAQ,/CAM minus Obs WRF-CMAQ /RRTMG minus Obs

Figure 24. The difference (inch/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 a 12 km resolution simulation over the
CONUS for August of 2006.

shown in Table 11 and Fig. 21. Relative to the WRF defaultwell for the 4 km simulation over the eastern Texas domain
cases (WRF/CAM and WRF/RRTMG), the results of WRF- in both August and September, with NMBs withil2 %

CMAQ/CAM and WRF-CMAQ/RRTMG have significant and correlations better than 0.74, as shown in Table 12.
improvements for COD performance, as shown in Table 10n the other hand, the WRF default cases (WRF/CAM

and Figs. 20 and 21. and WRF/RRTMG) significantly misplaced the locations of
clouds over the land and ocean in both August and Septem-
4.2.3 Cloud fraction comparisons ber, even with negative correlations, especially for August

and over the ocean areas as shown in Figs. 22 and 23. This is
In the satellite observation, cloud fraction or cloud cover consistent with the results of SWCF in Sect. 4.2.1.
is defined as the number of cloudy pixels divided by the
total number of pixels. In the WRF model, cloud fraction 4.3 Precipitation evaluation
is calculated on the basis of the relative humidity and lig-
uid water substance with the parameterization of RandallThe monthly gridded cumulative precipitation data at 4 km
(1995) following Hong et al. (1998). The model perfor- resolution over the CONUS from the Parameter—Elevation
mances for the cloud fractions are shown in the scatter plot&fkegressions on Independent Slopes Model (PRISM; Daly et
of Figs. 22 and 23 and are summarized in Table 12. WRF-al., 1994; Daly, 2002) were regridded to the 12 km CONUS
CMAQ/CAM captured cloud fractions very well over the domain to evaluate the model performance for precipita-
whole model domain (land and ocean) in both August andtion. The spatial differences in monthly mean precipitation
September, with NMBs withirt10 % and correlations bet- between observations and models are shown in Figs. 24
ter than 0.9, and WRF-CMAQ/RRTMG also did very well, (August) and 25 (September). The scatter plots are shown
with the slightly higher NMB values and lower correlations in Fig. 26, and statistical results are summarized in Ta-
as shown in Table 12 and Figs. 22 and 23. All configurationsble 13. Figure 24 and Table 12 indicate that both WRF-
(WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM CMAQ/CAM and WRF-CMAQ/RRTMG generally over-
and WRF/RRTMG) captured the observed cloud fractionsestimated the observed precipitation by more than 40 %,
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Figure 25. Same as Fig. 24, but for September of 2006.

mainly because of significant overestimation in the south-other convective cells (Grell and Devenyi, 2002). September
ern part of the CONUS in August. Both WRF-CMAQ/CAM has fewer convection effects relative to August. For the 4 km
and WRF-CMAQ/RRTMG significantly improved the un- simulations over eastern Texas, both WRF-CMAQ/CAM
derestimation of precipitation over the central part of theand WRF-CMAQ/RRTMG improved the underestimation of
CONUS and the overestimation over the New Mexico re- precipitation in August, with smaller NMB values relative
gions in August relative to their corresponding WRF de- to their corresponding WRF default cases (WRF/CAM and
fault cases (WRF/CAM and WRF/RRTMG), as shown in WRF/RRTMG), as shown in Table 13, whereas in Septem-
Fig. 24. This is because of the fact that inclusion of aerosolber, all models captured the observed precipitation well, with
indirect effects in the case of WRF-CMAQ can improve NMBs within =20 %.

the model simulations of cloud fields, as shown before rel-

ative to the WRF default cases, leading to the improve-

ment in precipitation simulations. In September, all modelss Conclusions

(WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM,

and WRF/RRTMG) reproduce the observed precipitationin this study, the AIE on the microphysical and radiative
reasonably well, with NMBs within 40 %, although all mod- properties of clouds (including first, second and glaciation
els consistently underestimated the observations, as shown indirect aerosol forcing) have been implemented in the two-
Table 13 and Fig. 25. Both WRF-CMAQ/CAM and WRF- way coupled WRF-CMAQ modeling system by including
CMAQ/RRTMG improved the underestimation of precip- parameterizations for both cloud drop and ice number con-
itation over the EUS in September, with smaller NMB centrations on the basis of the CMAQ-predicted aerosol
values relative to their corresponding WRF default casesdistributions, chemical and microphysical properties, and
(WRF/CAM and WRF/RRTMG), as shown in Fig. 25. the WRF meteorological conditions, with a new subrou-
It is generally accepted in the meteorological community tine, CMAQ-mixactivate. The cloud drop number concentra-
that small-scale summertime convection is more difficult to tions were estimated from the activation of CMAQ-predicted
replicate with convective parameterizations because of theierosol particles using an aerosol activation scheme for mul-
stochastic nature of these grid cells, which are often triggerediple externally mixed lognormal modes, each mode com-
by mesoscale surface forcing or outflow boundaries fromposed of uniform internal mixtures of soluble and insoluble
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affect the computed radiation fields accordingly. The model
performance was carried out by comparison of the model
simulations with the 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.

The results at the AQS surface sites show that in Au-
gust over the EUS, the NMB and NME values for P/
are 5.3 £0.1) % and 49.9 (48.6) %, respectively, for WRF-
CMAQ/CAM (WRF-CMAQ/RRTMG). The results over the
WUS are similar to those over the EUS. Over the EUS in
August, WRF-CMAQ/CAM (WRF-CMAQ/RRTMG) con-
sistently underestimated the observediSGDy —23.0%
(—27.7%),—-12.5% (18.9%) and—7.9% (—14.8%) at
the CASTNET, IMPROVE and STN sites, respectively. Both
configurations systematically overestimated the observed to-
tal sulfur (SG 4 S0Q,) at the CASTNET sites, and the
modeled mean total sulfur values were higher than the ob-
servations by 25.3 and 21.8 % for WRF—-CMAQ/CAM and
WRF-CMAQ/RRTMG, respectively. One of the reasons is
too many SQ emissions in the emissions inventory. The ob-
served 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 %, respectively, for the WRF-CMAQ/CAM,
and by 23.8, 52.2 and 29.7 %, respectively, for the WRF-
CMAQ/RRTMG. The model performances for BMat the
IMPROVE and STN sites over the EUS in August are rea-
sonably good, with NMB values 0f13.2 and—0.7 %, re-
spectively, for WRF-CMAQ/CAM, and-16.8 and—6.2 %,
respectively, for WRF-CMAQ/RRTMG. The results over the

Figure 26. Scatter plots of modeled (WRF—CMAQ/CAM, WRF— WUS in August are similar to those over the EUS, except
CMAQ/RRTMG, WRF/CAM and WRF/RRTMG) and observed that both configurations had slight overestimations of the ob-
monthly mean precipitation (inch/month) over the land of the east-served S@_ at the IMPROVE sites, with NMBs within 15 %
ern and western US for the 12 km resolution simulations and overand slight underestimations of TC at the STN urban sites by
the eastern Texas domain for the 4 km resolution simulations forless than 13 %.

August and September of 2006. 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

material developed by Abdul-Razzak and Ghan (2000,very close. The NMB values for SWCF (LWCF) over the

2002), while the cloud ice number concentrations were esland of the EUS in August are11.74 % (27.86 %) and

timated from the activation of the CMAQ-predicted sulfate, —22.45% (30.76 %) for WRF—CMAQ/CAM and WRF-

black carbon, dust and organic aerosols with an ice hucleCMAQ/RRTMG, respectively, whereas over the land of
ation scheme adopted from the NCAR CAM. The resultingthe WUS, they are-25.82% (34.15%) and—33.40 %
cloud drop and ice number concentrations are supplied td—35.45 %), respectively. One of the reasons for the under-
the Morrison et al. two-moment cloud microphysics schemeestimation of clouds in both WRF-CMAQ/CAM and WRF-
by tying a two-moment treatment of cloud water (mass andCMAQ/RRTMG is that the subgrid convective clouds do not
number) and cloud ice (mass and number) to precipitation innclude aerosol effects in the model simulations at the 12 km
the Morrison et al. two-moment cloud microphysics schemeresolution. This is in agreement with the fact that both con-
and two separate radiation schemes (RRTMG and CAM) infigurations captured SWCF and LWCF very well for the 4 km
the WRF model. This allows us to estimate aerosol effectssimulation over eastern Texas, with NMBs withir10 %.

on cloud and ice optical depth and microphysical process The results of the ratios of [SWCF| and LWCF indicate

rates for first, second and glaciation AIE. The cloud dropthatin August, both configurations overestimated low clouds,

effective radius and cloud ice effective radius from the out- stratocumulus and cumulus over the land and ocean areas of
put of the Morrison cloud microphysics scheme are used inthe EUS, and that both configurations underestimated high
the RRTMG and CAM radiation schemes directly, and theseclouds, cirrus and cirrostratus but overestimated low clouds,
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stratocumulus and cumulus over the land and ocean areas t@fe NASA Langley Research Center EOSDIS Distributed Active
the WUS. Over the land areas of the CONUS in August, bothArchive Center. The PRISM monthly precipitation data were
configurations consistently underestimated observed CODdownloaded fromhttp://www.prism.oregonstate.edu/

with more underestimation over the WUS being generally

consistent with underestimations of SWCF. Over the ocearf-dited by: F. Yu

areas in August, WRF-CMAQ/CAM captured the observed
COD very well, with NMBs within£+10 %, whereas WRF—
CMAQ/RRTMG underestimated the observed COD by more
than 28 %. Both configurations captured cloud fractions veryapdul-Razzak, H. and Ghan, S. J.: A parameterization of aerosol
well over the whole model domain (land and ocean) in Au-  activation. Part 2: Multiple aerosol types, J. Geophys. Res., 105,
gust. Both WRF-CMAQ/CAM and WRF-CMAQ/RRTMG 6837-6844, 2000.

generally overestimated the observed precipitation by moreéAbdul-Razzak, H. and Ghan, S. J.: A Parameterization of Aerosol
than 40 %, mainly because of significant overestimation in Activation. 3. Sectional Representation, J. Geophys. Res., 107,
the southern part of the CONUS in August. The results of 4026, d0i10.1029/2001JD000482002. _
WRF—CMAQ/CAM and WRF—CMAQ/RRTMG show Sig- Abdul-_Raz_zak, H., Ghan, S J.,. and Rlvera-_Carplo, C..A param-
nificant improvements for SWCF, LWCF, COD, cloud frac- eterization of aerosol activation. Part I: Single aerosol type, J.

tions and precipitation over the ocean relative to those of Geophys. Res., 103, 6123-6132, 1998.
P P . Appel, K. W., Pouliot, G. A., Simon, H., Sarwar, G., Pye, H. O.
WRF default cases in August.

. T., Napelenok, S. L., Akhtar, F., and Roselle, S. J.: Evaluation of
The results of the model performances in September are st and trace metal estimates from the Community Multiscale

similar to those in August, except that there is greater overes- Ajr Quality (CMAQ) model version 5.0, Geosci. Model Dev., 6,
timation of PMb 5 due to the overestimations of 50 NH, 883-899, doit0.5194/gmd-6-883-2012013.
NOj3, and TC over the EUS, and there are overestimations oflbrecht, B. A.: Aerosols, Cloud Microphysics, and Fractional
TC over the WUS on the basis of the results at the STN urban Cloudiness, Science, 245, 1227-1230, 1989.
sites. There is less underestimation of clouds (SWCF) ovepames, W. L., Pagano, T. S., and Salomonson, V. V.: Prelaunch
the land areas due to lower SWCF values. and fewer convec- characteristics of the Moderate Resolution Imaging Spectrora-
tive clouds relative to those in August, and all model results 2?&3?{&3"25;2) on EOS-AML, IEEE T. Geosci. Remote, 36,
(WRF-CMAQ/CAM, WRF-CMAQ/RRTMG, WRF/CAM, ' ' .

. o . Bey, I., Jacob, D. J., Yantosca, R. M., Logan, J. A, Field, B. D.,
and WRF/RRTMG) underestimated COD significantly in the Y 9

. ) . A : Fiore, A. M., Li, Q., Liu, H. Y., Mickley, L. J., and Schultz,
4km simulations, but not in the 12 km simulations. M. G.: Global modeling of tropospheric chemistry with assim-

Since convective clouds play an important role in deter- jjated meteorology: Model description and evaluation, J. Geo-
mining our climate state, especially for the summer season, phys. Res., 106, 23073—23096, 2001.
it is imperative to include convection—aerosol interactions.Bhave, P. V., Roselle, S. J., Binkowski, F. S., Nolte, C. G., Yu, S. C.,
Realistically, it is a big challenge to quantify the response Gipson, G. L., and Schere, K. L.: CMAQ aerosol module devel-
of convective clouds to aerosols because of the complex- opment: Recent enhancements and future plans, paper presented
ity and nonlinearity of interactions involving photochemistry, ~ &t 3rd Annual CMAS Models-3 Users’ Conference, Commun.
aerosols, liquid- and ice-phase clouds and precipitation mi- Model. and Anal. Syst. Cent., Chapel Hill, N. C., 18-20 Octo-

. . . ber, 2004.
Change over 2 ide range of spatiotemporal scales (Sert SITOWSK, F- S and Rosele, S 3. Models3 Comm:
9 9 P P nity Multiscale Air Quality (CMAQ) model aerosol compo-

gl., 2012; Tao et al., 2012). The de\{elopmental work for link- nent: 1. Model description, J. Geophys. Res., 108, 4183,
ing the CMAQ-predicted aerosol fields to the two-moment  4i-10.1029/2001JD001402003.
microphysics scheme in the modified Kain—Fritsch convec-cariton, A. G., Bhave, P. V., Napelenok, S. L., Edney, E. O., Sarwar,
tive scheme is under way, and will be accomplished in the G., Pinder, R. W., Pouliot, G. A., and Houyoux, M.: Model repre-
future. sentation of secondary organic aerosol in CMAQv4.7., Environ.
Sci. Technol., 44, 8553-8560, 2010.

Cerveny, R. S. and Bailing Jr., R. C.: 1998.Weekly cycles of air
AcknowledgementsThe authors would like to thank Kathleen Fa- pollutants, precipitation and tropical cyclones in the coastal NW
hey for the constructive and very helpful comments. The United Atlantic region, Nature, 394, 561-563, 1998.
States Environmental Protection Agency through its Office of Charlson, R. J., Schwartz, S. E., Hales, J. M., Cess, R. D,,
Research and Development funded and managed the research Coakley, Jr., J. A., Hansen, J. E., and Hofmann, D. J.: Cli-
described here. It has been subjected to the agency’s administrative mate Forcing by Anthropogenic Aerosols, Science, 255, 5043,
review and approved for publication. S. Yu would like to thank  doi:10.1126/science.255.5043.42392.
Weiping Liu from the College of Environment and Resource Chapman, E. G., Gustafson Jr., W. |., Easter, R. C., Barnard, J. C.,
Sciences at Zhejiang University for his help and support. C. Zhao Ghan, S. J., Pekour, M. S., and Fast, J. D.: Coupling aerosol-
and X. Liu are partially supported by the Office of Science of cloud-radiative processes in the WRF-Chem model: Investigat-
the US Department of Energy as part of the Regional and Global ing the radiative impact of elevated point sources, Atmos. Chem.
Climate Modeling program. The CERES data were obtained from Phys., 9, 945-964, ddi0.5194/acp-9-945-2002009.

References

Atmos. Chem. Phys., 14, 1124721285 2014 www.atmos-chem-phys.net/14/11247/2014/


http://www.prism.oregonstate.edu/
http://dx.doi.org/10.1029/2001JD000483
http://dx.doi.org/10.5194/gmd-6-883-2013
http://dx.doi.org/10.1029/2001JD001409
http://dx.doi.org/10.1126/science.255.5043.423
http://dx.doi.org/10.5194/acp-9-945-2009

S. Yu et al.: Aerosol indirect effect on the grid-scale clouds in the two-way coupled WRF-CMAQ 11281

Collins, W. D., Rasch, P. J., Boville, B. A., Hack, J. J., Mccaa, J. Grabowski, W. W.: Indirect impact of atmospheric aerosols in ide-
R., Williamson, D. L., Kiehl, J. T., Briegleb, B., Bitz, C., Lin, alized simulations of convective-radiative quasi equilibrium, J.
S.-J., Zhang, M., and Dai Y.: Description of the NCAR Com- Climate, 19, 4664—-4682, 2006.
munity Atmosphere Model (CAM3.0), NCAR Technical Note, Granier, C. and Brasseur, G.: Ozone and other trace gases in the
NCAR/TN-464-STR, 226 pp., 2004. Arctic and Antarctic regions: Three-dimensional model simula-

Daly, C.: Variable influence of terrain on precipitation pat- tions, J. Geophys. Res., 96, 2995-3011,1it029/90JD01779
terns: Delineation and use of effective terrain height in  1991.

PRISM, available at:http://www.ocs.orst.edu/pub/prism/docs/ Grell, G. and Devenyi, D.: A generalized approach to pa-
effectiveterrain-daly.pdf14 October 2014), 2002. rameterizing convection combining ensemble and data as-

Daly, C., Neilson, R. P., and Phillips, D. L.. A statistical- similation techniques, Geophys. Res. Lett., 29, 1693-1697,
topographic model for mapping climatological precipitation over  doi:10.1029/2002GL015312002.
mountainous terrain, J. Appl. Meteorol., 33, 140-158, 1994. Grell, G. A., Emeis, S., Stockwell, W. R., Schoenemeyer, T., Forkel,

DeFelice, T. P., Saxena, V. K., and Yu, S. C...On the measurements R., Michalakes, J., Knoche, R., and Seidl, W.: Application of a
of cloud condensation nuclei (CCN) at Palmer Station, Antarc- multiscale, coupled MM5/chemistry model to the complex ter-
tica, Atmos. Environ., 31, 4039-4044, 1997. rain of the VOTALP valley campaign, Atmos. Environ. 34, 1435—

Eagen, R. C., Hobbs, P. V., and Radke, L. F.: Particle emissions from 1453, 2000.

a large Kraft paper mill and their effects on the microstructure of Grell, G. A., Peckham, S. E., Schmitz, R., McKenn, S. A., Frost, G.,

warm clouds, J. App. Meteorol., 13, 535-552, 1974. Skamarock, W. C., and Eder, B.: Fully Coupled “Online” chem-
Eder, B. and Yu, S. C.: An evaluation of model performance of EPA istry within the WRF Model, Atmos. Environ., 39, 6957-6975,
models-3/CMAQ, Atmos. Environ., 40, 4811-4824, 2006. 2005.

Eder, B., Kang, D., Mathur, R., Pleim, J., Yu, S. C., Otte, T., and Gustafson Jr., W. |., Chapman, E. G., Ghan, S. J., Easter, R. C.,
Pouliot, G.:. A performance evaluation of the national air quality = and Fast, J. D.: Impact on Modeled Cloud Characteristics Due
forecast capability for the summer of 2007, Atmos. Environ., 43, to Simplified Treatment of Uniform Cloud Condensation Nu-
2312-2320, 2009. clei During NEAQS 2004, Geophys. Res. Lett., 34, L19809,

Eder, B., Kang, D., Rao, S. T., Mathur, R., Yu, S. C., Otte, d0i:10.1029/2007GL030022007.

T., Schere, K., Wayland, R., Jackson, S., Davidson, P.,Gustafson Jr., W. I. and Yu, S. C.: Generalized approach for us-
and McQueen, J.: A demonstration of the use of national ing unbiased symmetric metrics with negative values: normal-

air quality forecast guidance for developing local air qual- ized mean bias factor and normalized mean absolute error factor,
ity index forecasts, B. Am. Meteorol. Soc., 91, 313-326, Atmos. Sci. Lett., 13, 262-267, ddD.1002/asl.3932012.
doi:10.1175/2009BAMS2734,2010. Han, Q., Rossow, W. B., and Lacis, A. A.: Near-global sur-

Fu, Q.: An accurate parameterization of the solar radiative prop- vey of effective droplet radii in liquid water clouds us-
erties of cirrus clouds for climate models, J. Climate, 9, 2058— ing ISCCP data, J. Climate, 7, 465-497, @6i1175/1520-
2082, 1996. 0442(1994)0072.0.C0;2994.

Foley, K. M., Roselle, S. J., Appel, K. W., Bhave, P. V., Pleim, J. Hanel, G.: The properties of atmospheric aerosol particles as func-
E., Otte, T. L., Mathur, R., Sarwar, G., Young, J. O., Gilliam, tions of the Relative humidityat thermodynamic equilibrium with
R. C., Nolte, C. G., Kelly, J. T., Gilliland, A. B., and Bash, J. the surrounding moist air, Adv. Geophys., 19, 73-188, 1976.

O.: Incremental testing of the Community Multiscale Air Quality Hansen, J., Sato, M., and Ruedy, R.: Radiative Forcing and Climate
(CMAQ) modeling system version 4.7, Geosci. Model Dev., 3, Response, J. Geophys. Res., 102, 6831-6864, 1997.
205-226, doit0.5194/gmd-3-205-201@010. Harrison, E. F., Minnis, P., Barkstrom, B. R., Ramanathan,

Ghan, S. J. and Easter, R. C.: Impact of cloud-borne aerosol rep- V., Cess, R. D., and Gibson, G. G.: Seasonal Variation
resentation on aerosol direct and indirect effects, Atmos. Chem. of Cloud Radiative Forcing Derived From the Earth Radia-
Phys., 6, 41634174, d&D.5194/acp-6-4163-2008006. tion Budget Experiment. J. Geophys. Res., 95, 18687-18703,

Ghan, S. J,, Leung, L. R., Easter, R. C., and Abdul-Razzak, H.: Pre- d0i:10.1029/JD095iD11p18687990.
diction of Droplet Number in a General Circulation Model, J. Hartmann, D. L. and Doelling, D.: On the net radiative effectiveness
Geophys. Res., 102, 21777-21794, 1997. of clouds, J. Geophys. Res., 96, 869-891, 1991.

Ghan, S. J., Easter, R. C., Chapman, E. G., Abdul-Razzak, H.Haywood, J. and Boucher, O.: Estimates of the Direct and Indi-
Zhang, Y., and Leung, L. R., Laulainen, N. S., Saylor, R. D., and rect Radiative Forcing Due to Tropospheric Aerosols: A Review.,
Zaveri, R. A.: A Physically Based Estimate of Radiative Forc- Rev. Geophys., 38, 513-543, 2000.
ing by Anthropogenic Sulfate Aerosol, J. Geophys. Res-Atmos.,Henderson, B. H., Akhtar, F., Pye, H. O. T., Napelenok, S. L.,
106, 5279-5293, 2001a. and Hutzell, W. T.: A database and tool for boundary condi-

Ghan, S., Laulainen, N., Easter, R., Wagener, R., Nemesure, S., tions for regional air quality modeling: description and evalua-
Chapman, E., Zhang, Y., and Leung, R.: Evaluation of Aerosol tion, Geosci. Model Dev., 7, 339-360, dui.5194/gmd-7-339-
Direct Radiative Forcing in MIRAGE, J. Geophys. Res.-Atmos., 2014 2014.

106, 5295-5316, 2001b. Hong, S.-Y., Juang, H.-M., and Zhao, Q.: Implementation of Prog-

Ghan, S. J., Easter, R. C., Hudson, J., and Breon, F.-M.: Evaluation nostic Cloud Scheme for a Regional Spectral Model, Mon.
of Aerosol Indirect Radiative Forcing in MIRAGE, J. Geophys. Weather Rev., 126, 2621-2639, 1998.

Res.-Atmos., 106, 5317-5334, 2001c. lacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M.
W., Clough, S. A., and Collins, W. D.: Radiative forcing
by long-lived greenhouse gases: Calculations with the AER

www.atmos-chem-phys.net/14/11247/2014/ Atmos. Chem. Phys., 14, 1124285 2014


http://www.ocs.orst.edu/pub/prism/docs/effectiveterrain-daly.pdf
http://www.ocs.orst.edu/pub/prism/docs/effectiveterrain-daly.pdf
http://dx.doi.org/10.1175/2009BAMS2734.1
http://dx.doi.org/10.5194/gmd-3-205-2010
http://dx.doi.org/10.5194/acp-6-4163-2006
http://dx.doi.org/10.1029/90JD01779
http://dx.doi.org/10.1029/2002GL015311
http://dx.doi.org/10.1029/2007GL030021
http://dx.doi.org/10.1002/asl.393
http://dx.doi.org/10.1175/1520-0442(1994)0072.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1994)0072.0.CO;2
http://dx.doi.org/10.1029/JD095iD11p18687
http://dx.doi.org/10.5194/gmd-7-339-2014
http://dx.doi.org/10.5194/gmd-7-339-2014

11282 S. Yu et al.: Aerosol indirect effect on the grid-scale clouds in the two-way coupled WRF-CMAQ

radiative transfer models, J. Geophys. Res., 113, D13103Khvorostyanov, V. I. and Curry, J. A.: A simple analytical model of
doi:10.1029/2008JD009942008. aerosol properties with account for hygroscopic growth, Part 1,

Intergovernmental Panel on Climate Change (IPCC), Climate Equilibrium size spectra and CCN activity spectra, J. Geophys.
Change 2007: The Physical Science Basis, Contribution of Res., 104, 2163-2174, 1999.

Working Group | to the Fourth Assessment Report of the Inter- Kiehl, J. T.: On the observed near cancellation between longwave
governmental Panel on Climate Change, Cambridge Univ. Press, and shortwave cloud forcing in tropical regions, J. Climate, 7,
New York, 2007. 559-656, 1994a.

Isaksen, I. S. A., Granier, C., Myhre, G., Berntsen, T. K., Dal- Kiehl, J. T.: Sensitivity of a GCM climate simulation to differences
sgren, S. B., Gauss, M., Klimont, Z., Benestad, R., Bousquet, P., in continental versus maritime cloud drop size, J. Geophys. Res.,
Collins, W., Cox, T., Eyring, V., Fowler, D., Fuzzi, S., Jockel, 99, 23107-23115, 1994b.

P., Laj, P., Lohmann, U., Maione, M., Monks, P., Prevot, A. Kiehl, J. T. and Ramanathan, V.: Comparison of cloud forcing de-
S. H,, Raes, F., Richter, A., Rognerud, B., Schulz, M., Shin- rived from the earth radiation budget experiment with that simu-
dell, D., Stevenson, D. S., Storelvmo, T., Wang, W.-C., van lated by the NCAR community climate model, J. Geophys. Res.,
Weele, M., Wild, M., and Wuebbles, D.: Atmospheric composi- 95, 11679-11698, 1990.

tion change: Climate—Chemistry interactions, Atmos. Environ., King, S. M., Rosenoern, T., Shilling, J. E., Chen, Q., Wang, Z.,
43,5138-5192, 2009. Biskos, G., McKinney, K. A., Péschl, U., and Martin, S. T.:

Jacobson, M. Z.: Developing, coupling, and applying a gas, aerosol, Cloud droplet activation of mixed organic-sulfate particles pro-
transport, and radiation model to study urban and regional air duced by the photooxidation of isoprene, Atmos. Chem. Phys.,
pollution, Ph. D. Thesis, Department of Atmospheric Sciences, 10, 3953-3964, dal0.5194/acp-10-3953-20,12010.

University of California, Los Angeles, 436 pp., 1994. Koehler, K. A., Kreidenweis, S. M., DeMott, P. J., Petters, M. D.,

Jacobson, M. Z.: GATOR-GCMM: A global- through urban-scale  Prenni, A. J., and Carrico, C. M.: Hygroscopicity and cloud
air pollution and weather forecast model 1. Model design and droplet activation of mineral dust aerosol, Geophys. Res. Lett.,
treatment of subgrid soil, vegetation, roads, rooftops, water, sea, 36, L08805, doit0.1029/2009GL037342009.
ice, and snow, J. Geophys. Res., 106, 5385-5401, 2001a. Kummerow, C., Barnes, W., Kozu, T., Shine, J., and Simpson, J.:

Jacobson, M. Z.: GATOR-GCMM: 2. A study of day- and night- The Tropical Rainfall Measuring Mission System (TRMM) sen-
time ozone layers aloft, ozone in national parks, and weather sor package, J. Atmos. Ocean. Technol., 15, 809-827, 1998.
during the SARMAP Field Campaign, J. Geophys. Res., 106,Lauer, A., Wang, Y., Phillips, V. T. J., McNaughton, C. S., Bennartz,
5403-5420, 2001b. R., and Clarke, A. D.: Simulation marine boundary layer clouds

Jacobson, M. Z.: Effects of absorption by soot inclusions within  over the eastern Pacific in a regional climate model with double-
clouds and precipitation on global climate, J. Phys. Chem., 110, moment cloud microphysics, J. Geophys. Res., 114, D21205,

6860-6873, 2006 doi:10.1029/2009JD012202009.
Jauregui, E. and Romales, E.: Urban effects on convective precipiteaitch, W. R., Strapp, J. W., Wiebe, H. A., Anlauf, K. G., and Isaac,
tation in Mexico city, Atmos. Environ., 30, 3383-3389, 1996. G. A.: Chemical and microphysical studies of nonprecipitating

Jimenez, J. L., Canagaratna, M. R., Donahue, N. M., Prevot, A. S., summer cloud in Ontario, Canada, J. Geophys. Res., 91, 11821—
Zhang, Q., Kroll, J. H., DeCarlo, P. F., Allan, J. D., Coe, H., Ng, 11831, 1986.
N. L., Aiken, A. C., Docherty, K. S., Ulbrich, I. M., Grieshop, Li, Z., Niu, F., Fan, J., Liu, Y., Rosenfeld, D., and Ding Y.
A. P., Robinson, A. L., Duplissy, J., Smith, J. D., Wilson, K. The long-term impacts of aerosols on the vertical develop-
R., Lanz, V. A., Hueglin, C., Sun, Y. L., Tian, J., Laaksonen, ment of clouds and precipitation, Nat. Geosci., 4, 888-894,
A., Raatikainen, T., Rautiainen, J., Vaattovaara, P., Ehn, M., Kul-  doi:10.1038/nge01312011.
mala, M., Tomlinson, J. M., Collins, D. R., Cubison, M. J., Dun- Lin, J. C., Matsui, T., Pielke Sr., R. A., and Kummerow, C.: Effects
lea, E. J., Huffman, J. A., Onasch, T. B., Alfarra, M. R., Williams, of biomass-burning-derived aerosols on precipitation and clouds
P. 1., Bower, K., Kondo, Y., Schneider, J., Drewnick, F., Bor- in the Amazon Basin: a satellite-based empirical study, J. Geo-
rmann, S., Weimer, S., Demerjian, K., Salcedo, D., Cottrell, L., phys. Res., 111, D19204, db2.1029/2005JD006832006.
Griffin, R., Takami, A., Miyoshi, T., Hatakeyama, S., Shimono, Liu, P.,, Zhang, Y., Yu, S. C., and Schere, K. L.: Use of a Process
A., Sun, J. Y., Zhang, Y. M., Dzepina, K., Kimmel, J. R., Sueper,  Analysis Tool for Diagnostic Study on Fine Particulate Matter
D., Jayne, J. T., Herndon, S. C., Trimborn, A. M., Williams, L. Predictions in the U.S. Part II: Process Analysis and Sensitivity
R., Wood, E. C., Middlebrook, A. M., Kolb, C. E., Baltensperger, Simulations, Atmos. Pollut. Res., 2, 61-71, 2011.
U., and Worsnop, D. R.: Evolution of organic aerosols in the at- Liu, X. and Penner, J. E.: Ice nucleation parameterization for global

mosphere, Science, 326, 1525-1529, 2009. models, Meteorol. Z., 14, 499-514, 2005.
Kain, J. S.: The Kain-Fritsch convective parameterization: An up- Liu, X. and Wang, J.: How Important Is Organic Aerosol Hygro-
date, J. Appl. Meteorol., 43, 170-181, 2004. scopicity to Aerosol Indirect Forcing?, Environ. Res. Lett., 5,

Kain, J. S. and Fritsch, J. M.: A one-dimensional entrain- 044010, doil0.1088/1748-9326/5/4/044012010.
ing/detraining plume model and its application in convective pa- Liu, X., Penner, J. E., Ghan, S. J., and Wang, M.: Inclusion of ice
rameterization, J. Atmos. Sci., 47, 2784-2802, 1990. microphysics in the NCAR community atmospheric model ver-
Kain, J. S. and Fritsch, J. M.: Convective parameterization for sion 3 (CAM3), J. Climate, 20, 4526-4547, 2007.
mesoscale models: The Kain-Fritcsh scheme, The representatiobohmann, U.: A glaciation indirect aerosol effect caused
of cumulus convection in numerical models, edited by: Emanuel, by soot aerosols, Geophys. Res. Lett, 29, 1052,
K. A. and Raymond, D. J., Amer. Meteor. Soc., 246 pp., 1993. doi:10.1029/2001GL014352002.

Atmos. Chem. Phys., 14, 1124721285 2014 www.atmos-chem-phys.net/14/11247/2014/


http://dx.doi.org/10.1029/2008JD009944
http://dx.doi.org/10.5194/acp-10-3953-2010
http://dx.doi.org/10.1029/2009GL037348
http://dx.doi.org/10.1029/2009JD012201
http://dx.doi.org/10.1038/ngeo1313
http://dx.doi.org/10.1029/2005JD006884
http://dx.doi.org/10.1088/1748-9326/5/4/044010
http://dx.doi.org/10.1029/2001GL014357

S. Yu et al.: Aerosol indirect effect on the grid-scale clouds in the two-way coupled WRF-CMAQ 11283

Lohmann, U. and Feichter, J.: Global indirect aerosol effects: a re- ple Chemical Species of Aerosol, J. Atmos. Sci., 65, 2757-2783,
view, Atmos. Chem. Phys., 5, 715-737, d6i:5194/acp-5-715- doi:10.1175/2007JAS2546.2008.

2005 2005. Pleim, J. E.: A combined local and non-local closure model for the

Lu, M.-L. and Seinfeld, J.H.: Study of the aerosol indirect effect by  atmospheric boundary layer. Part 1: Model description and test-
large-eddy simulation of marine stratocumulus, J. Atmos. Sci., ing, J. Appl. Meteorol. Clim., 46, 1383-1395, 2007a.

62, 3909-3932, 2005. Pleim, J. E.: A combined local and nonlocal closure model for the

Martin, G. M., Johnson, D. W., and Spice, A.: The measurementand atmospheric boundary layer. Part II: application and evaluation
parameterization of effective radius of droplets in warm strati-  in a mesoscale meteorological model, J. Appl. Meteorol. Clim.,
form clouds, J. Atmos. Sci., 51, 1823-1842, 1994, 46, 1396-1409, 2007h.

Mathur, R., Yu, S. C., Kang, D., and Schere, K. L.: Assessment ofPleim, J. E. and Xiu, A.: Development and testing of a surface flux
the Winter-time Performance of Developmental Particulate Mat- and planetary boundary layer model for application in mesoscale
ter Forecasts with the Eta-CMAQ Modeling System, J. Geophys. models, J. Appl. Meteorol., 34, 16-32, 1995.

Res., 113, D02303, ddi0.1029/2007JD00853Q008. Pleim, J. E. and Xiu, A.: Development of a land surface model. Part

Mathur, R., Pleim, J., Wong, D., Otte, T., Gilliam, R., Roselle, II: Data Assimilation, J. Appl. Meteorol., 42, 1811-1822, 2003.
S., Young, J., Binkowski, F., and Xiu, A.: The WRF-CMAQ Pleim, J., Young, J., Wong, D., Gilliam, R., Otte, T., and Mathur,
integrated on-line modeling system: development, testing and R.: Two-Way Coupled Meteorology and Air Quality Modeling,
initial application, Air Pollution Modeling and Its Applica- Air Pollution Modeling and Its Application XIX, edited by: Bor-
tion XX, edited by: Steyn, D. G. and Rao, S. T, 155- rego, C. and Miranda, A. I., 496-504, ISBN 978-1-4020-8452-2,
159, doi10.1007/978-90-481-3812-8pringer, the Netherlands, Springer, the Netherlands, 2008.

2010. Prenni, A. J., Petters, M. D., Kreidenweis, S. M., DeMott,

McKeen, S., Chung, S. H., Wilczak, J., Grell, G., Djalalova, I., P. J., and Ziemann, P. J.: Cloud droplet activation of sec-
Peckham, S., Gong, W., Bouchet, V., Moffet, R., Tang, Y., ondary organic aerosol, J. Geophys. Res., 112, D10223,
Carmichael, G. R., Mathur, R., and Yu, S. C: The evaluation doi:10.1029/2006JD007962007.
of several PM 5 forecast models using data collected during Pruppacher, H. R. and Klett, J. D.: Microphysics of Clouds and Pre-
the ICARTT/NEAQS 2004 field study, J. Geophys. Res., 112, cipitation, 2 Edn., Kluwer Academic Publishers, Dordrecht, the
D10S20, doil0.1029/2006JD0076082007. Netherlands, 954 pp., 1997.

Menon, S., Hansen, J. E., Nazarenko, L., and Luo, Y.: Climate ef-Ramanathan, V., Crutzen, P. J., Kiehl, J. T., and Rosenfeld, D.:
fects of black carbon aerosols in China and India, Science, 297, Aerosols, Climate and the Hydrological Cycle, Science, 294,
2250-2253, 2002. 2119-2124, 2001.

Menon, S., Del Genio, A. D., Kaufman, Y. J., Koch, D., Ben- Randall, D. A.: Parameterizing fractional cloudiness produced by
nartz, R., Loeb, N., and Orlikowski, D.: Analyzing signatures of ~ cumulus entrainment. Preprints, Workshop on Cloud Micro-
aerosol-cloud interactions with satellite retrievals and the GISS physics Parameterizations in Global Atmospheric Circulation
GCM to constrain the aerosol indirect effect. J. Geophys. Res., Models, Kananaskis, AB, Canada, WMO, 1-16, 1995.

113, D14S22, dof:0.1029/2007JD009442008. Rasch, P. J., Barth, M. C., Kiehl, J. T., Schwartz, S. E., and

Meyers, M. P., DeMott, P. J., and Cotton, W. R.: New primary ice  Benkovitz, C. M.: A description of the global sulfur cycle and its
nucleation parameterization in an explicit model, J. Appl. Mete-  controlling processes in the National Center for Atmospheric Re-
orol., 31, 708-721, 1992. search Community Climate Model Version 3, J. Geophys. Res.,

Morrison, H. and Grabwski, W. W.: Comparison of bulk and bin 105, 1367-1385, 2000.
warm-rain microphysics models using a kinematic framework, J. Rotstayn, L.: Indirect forcing by anthropogenic aerosols: A global
Atmos. Sci., 64, 2839-2861, 2007. climate model calculation of the effective-radius and cloud-

Morrison, H. and Pinto, J. O.: Intercomparison of bulk microphysics lifetime effects, J. Geophys. Res, 104, 9369-9380, 1999.
schemes in mesoscale simulations of springtime Arctic mixed-Rosenfeld, D.: TRMM observed first direct evidence of smoke from
phase stratiform clouds, Mon. Weather Rev., 134, 1880-1900, forest fires inhibiting rainfall, Geophys. Res. Lett., 26, 3105—
2006. 3108, 1999.

Morrison, H., Curry, J. A., and Khvorostyanov, V. |.: Anew double- Rosenfeld, D.: Suppression of rain and snow by urban
moment microphysics parameterization for application in cloud and industrial air pollution, Science, 287, 1793-1796,
and climate models, Part I: Description, J. Atmos. Sci., 62, 1665— doi:10.1126/science.287.5459.172800.

1677, 2005. Rosenfeld, D., Dai, J., Yu, X., Yao, Z.,, Xu, X., Yang, X,

Morrison, H., Thompson, G., and Tatarskii, V.: Impact of Cloud Mi-  and Du, C.: Inverse relations between amounts of air pollu-
crophysics on the Development of Trailing Stratiform Precipita-  tion and orographic precipitation, Science, 315, 1396-1398,
tion in a Simulated Squall Line: Comparison of One- and Two-  doi:10.1126/science.1137942007.

Moment Schemes, Mon. Weather Rev., 137, 991-1007, 2009. Rosenfeld, D., Lohmann, U., Raga, G. B., O'Dowd, C. D., Kulmala,

Petters, M. D. and Kreidenweis, S. M.: A single parameter repre- M., Fuzzi, S., Reissell, A., and Andreae, M. O.: Flood or drought:
sentation of hygroscopic growth and cloud condensation nucleus how do aerosols affect precipitation?, Science, 321, 1309-1313,
activity, Atmos. Chem. Phys., 7, 1961-1971, d6i5194/acp-7- 2008.

1961-20072007. Saide, P. E., Spak, S. N., Carmichael, G. R., Mena-Carrasco, M.

Phillips, V. T. J., DeMott, P. J., and Andronache, C.: An Empiri- A, Yang, Q., Howell, S., Leon, D. C., Snider, J. R., Bandy, A.
cal Parameterization of Heterogeneous Ice Nucleation for Multi- R., Collett, J. L., Benedict, K. B., de Szoeke, S. P., Hawkins, L.

N., Allen, G., Crawford, I., Crosier, J., and Springston, S. R.:

www.atmos-chem-phys.net/14/11247/2014/ Atmos. Chem. Phys., 14, 1124285 2014


http://dx.doi.org/10.5194/acp-5-715-2005
http://dx.doi.org/10.5194/acp-5-715-2005
http://dx.doi.org/10.1029/2007JD008580
http://dx.doi.org/10.1007/978-90-481-3812-8
http://dx.doi.org/10.1029/2006JD007608
http://dx.doi.org/10.1029/2007JD009442
http://dx.doi.org/10.5194/acp-7-1961-2007
http://dx.doi.org/10.5194/acp-7-1961-2007
http://dx.doi.org/10.1175/2007JAS2546.1
http://dx.doi.org/10.1029/2006JD007963
http://dx.doi.org/10.1126/science.287.5459.1793
http://dx.doi.org/10.1126/science.1137949

11284 S. Yu et al.: Aerosol indirect effect on the grid-scale clouds in the two-way coupled WRF-CMAQ

Evaluating WRF-Chem aerosol indirect effects in Southeast Pa- CMAQ two-way coupled system with aerosol feedback: soft-
cific marine stratocumulus during VOCALS-REX, Atmos. Chem.  ware development and preliminary results, Geosci. Model Dev.,
Phys., 12, 3045-3064, dtD.5194/acp-12-3045-2012012. 5, 299-312, doi0.5194/gmd-5-299-2012012.

Saxena, V. K. and Yu, S. C.: Searching for a regional fingerprint of Xiu, A. and Pleim, J. E.: Development of a land surface model.
aerosol forcing in the southeastern US, Geophys. Res. Lett., 25, Part I: application in a mesoscale meteorological model, J. Appl.
2833-2836, 1998. Meteorol., 40, 192-209, 2001.

Saxena, V. K., Yu, S. C., and Anderson, J.: Impact of stratosphericvang, Q., W. I. Gustafson Jr., Fast, J. D., Wang, H., Easter, R.
volcanic aerosols on climate: Evidence of aerosol radiative forc- C., Morrison, H., Lee, Y.-N., Chapman, E. G., Spak, S. N.,
ing in the southeastern US, Atmos. Environ., 31, 4211-4221, and Mena-Carrasco, M. A.: Assessing regional scale predictions
1997. of aerosols, marine stratocumulus, and their interactions dur-

Seifert, A., Kohler, C., and Beheng, K. D.: Aerosol-cloud- ing VOCALS-REx using WRF-Chem, Atmos. Chem. Phys., 11,
precipitation effects over Germany as simulated by a convective- 11951-11975, ddl0.5194/acp-11-11951-2012011.
scale numerical weather prediction model, Atmos. Chem. Phys.Yarwood, G., Rao, S., Yocke, M. and Whitten, G. Z.: Final Re-

12, 709-725, doi:0.5194/acp-12-709-2012012. port — Updates to the Carbon Bond Chemical Mechanism: CBO5,
Seinfeld, J. and Pandis, S.: Atmospheric Chemistry and Physics, Rep. RT-04-00675, 246 pp., Yocke and Co., Novato, Califor-
John Wiley & Sons, New York, NY, USA, 408—-448, 1998. nia, available athttp://www.camx.com/publ/pdfs/CB05_Final_

Simon, H., Bhave, P. V., Swall, J. L., Frank, N. H., and Malm, W.  Report_120805.pdfast access: 15 October 2014), 2005.

C.: Determining the spatial and seasonal variability in OM/OC Young, K. C.: Numerical-simulation of wintertime, orographic pre-
ratios across the US using multiple regression, Atmos. Chem. cipitation — 1. Description of model microphysics and numerical
Phys., 11, 2933-2949, d&D.5194/acp-11-2933-2012011. techniques, J. Atmos. Sci., 31, 1735-1748, 1974.

Sisler, J. F. and Malm, W. C.: Interpretation of trends of BM  Yu, F, Luo, G, Liu, X., Easter, R. C., Ma, X., and Ghan, S. J.: In-
and reconstructed visibility from the IMPROVE Network, J. Air direct radiative forcing by ion-mediated nucleation of aerosol,
Waste Manage. Assoc., 50, 775-789, 2000. Atmos. Chem. Phys., 12, 11451-11463, #0i5194/acp-12-

Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Barker, D. 11451-20122012a.

M., Duda, M. G., Huang, X.-Y., Wang, W., and Powers, J. G.: A Yu, F., Luo, G., and Ma, X.: Regional and global modeling of
description of the advanced research WRF version 3, Technical aerosol optical properties with a size, composition, and mixing

Note TN-475+STR, NCAR, 2008. state resolved particle microphysics model, Atmos. Chem. Phys.,
Slingo, A.: Sensitivity of the earth’s radiation budget to changesin 12, 5719-5736, ddi0.5194/acp-12-5719-2012012b.

low clouds, Nature, 343, 49-51, 1990. Yu, H., Kaufman, Y. J., Chin, M., Feingold, G., Remer, L. A., An-
Stephen, G. L.: Cloud feedbacks in the climate system: a critical derson, T. L., Balkanski, Y., Bellouin, N., Boucher, O., Christo-

review, J. Climate, 18, 237-273, 2005. pher, S., DeCola, P., Kahn, R., Koch, D., Loeb, N., Reddy,

Su, W., Bodas-Salcedo, A., Xu, K.-M., and Charlock, T. P.. Com- M. S., Schulz, M., Takemura, T., and Zhou, M.: A review
parison of the tropical radiative flux and cloud radiative effect of measurement-based assessments of the aerosol direct ra-
profiles in a climate model with Clouds and the Earth’s Radiant diative effect and forcing, Atmos. Chem. Phys., 6, 613666,
Energy System (CERES) data, J. Geophys. Res., 115, D01105, doi:10.5194/acp-6-613-2002006.
doi:10.1029/2009JD01249Q@010. Yu, S. C.: The role of organic acids (formic, acetic, pyruvic and

Tao, W.-K., Chen, J.-P., Li, Z., Wang, C. and Zhang, C.: Impact of  oxalic) in the formation of cloud condensation nuclei (CCN): a
aerosols on convective clouds and precipitation, Rev. Geophys., review, Atmos. Res., 53, 185-217, 2000.

50, RG2001, doit0.1029/2011RG000362012. Yu, S. C. and Zhang, Y.: An Examination of the Effects of

Taylor, K. E. and Penner, J. E.: Response of the climate system to Aerosol Chemical Composition and Size on Radiative Proper-
atmospheric aerosols and greenhouse gases, Nature, 369, 734—ties of Multi-Component Aerosols, Atmos. Clim. Sci., 1, 19-32,

737, doi10.1038/36973430.994. doi:10.4236/acs.2011.12003011.

Taylor, P. C.: The role of clouds: an introduction and rapporteur, Yu, S. C., Saxena, V. K., Wenny, B. N., DeLuisi, J. J., Yue, G. K. and
Surv. Geophys., 33, 609-617, 2012. Petropavlovskikh, I. V.: A study of the aerosol radiative proper-
Twomey, S.: Pollution and the Planetary Albedo, Atmos. Environ., ties needed to compute direct aerosol forcing in the southeastern

8, 1251-1256, 1974. US, J. Geophys. Res., 105, 24739-24749, 2000.
Twomey, S.: Aerosols, Clouds and Radiation, Atmos. Environ., 25,Yu, S. C., Saxena, V. K. and Zhao, Z.: A comparison of signals of
2435-2442, 1991. regional aerosol-induced forcing in eastern China and the south-

Wang, Y., Wang, M., Zhang, R., Ghan, S. J., Lin, Y., Hu, J., Pan, B., eastern United States, Geophys. Res. Lett., 28, 713-716, 2001a.
Levy, M., Jiang, J. H., and Molina, M. J.: Assessing the effects of Yu, S. C., Zender, C. S. and Saxena, V. K.: Direct radiative forcing
anthropogenic aerosols on Pacific storm track using a multiscale and atmospheric absorption by boundary layer aerosols in the
global climate model, P. Natl. Acad. Sci. USA, 111, 6894-6899, southeastern US: model estimates on the basis of new observa-
doi:10.1073/pnas.14033641,12014. tions, Atmos. Environ., 35, 3967-3977, 2001b.

Wielicki, B. A., Barkstrom, B. R., Harrison, E. F,, Lee lll, R. B.,, Yu, S. C., Kasibhatla, P. S., Wright, D. L., Schwartz, S. E., McGraw,
Smith, G. L., and Cooper, J. E.: Clouds and the Earth’s Radiant R., and Deng, A.: Moment-based simulation of microphysical
Energy System (CERES): An Earth Observing System Experi- properties of sulfate aerosols in the eastern United States: Model
ment, B. Am. Meteorol. Soc., 77, 853—868, 1996. description, evaluation and regional analysis, J. Geophys. Res.,

Wong, D. C., Pleim, J., Mathur, R., Binkowski, F., Otte, T., Gilliam, 108, 4353, doit0.1029/2002JD00289Q003.

R., Pouliot, G., Xiu, A., Young, J. O., and Kang, D.: WRF-

Atmos. Chem. Phys., 14, 1124721285 2014 www.atmos-chem-phys.net/14/11247/2014/


http://dx.doi.org/10.5194/acp-12-3045-2012
http://dx.doi.org/10.5194/acp-12-709-2012
http://dx.doi.org/10.5194/acp-11-2933-2011
http://dx.doi.org/10.1029/2009JD012490
http://dx.doi.org/10.1029/2011RG000369
http://dx.doi.org/10.1038/369734a0
http://dx.doi.org/10.1073/pnas.1403364111
http://dx.doi.org/10.5194/gmd-5-299-2012
http://dx.doi.org/10.5194/acp-11-11951-2011
http://www.camx.com/publ/pdfs/CB05_Final_Report_120805.pdf
http://www.camx.com/publ/pdfs/CB05_Final_Report_120805.pdf
http://dx.doi.org/10.5194/acp-12-11451-2012
http://dx.doi.org/10.5194/acp-12-11451-2012
http://dx.doi.org/10.5194/acp-12-5719-2012
http://dx.doi.org/10.5194/acp-6-613-2006
http://dx.doi.org/10.4236/acs.2011.12003
http://dx.doi.org/10.1029/2002JD002890

S. Yu et al.: Aerosol indirect effect on the grid-scale clouds in the two-way coupled WRF-CMAQ 11285

Yu, S. C., Dennis, R., Bhave, P., and Eder, B.: Primary and secu, S. C., Mathur, R., Pleim, J., Pouliot, G., Eder, B., Schere, K.,
ondary organic aerosols over the United States: Estimates on Wong, D., Gilliam, R., and Rao, S. T.: Comparative evaluation
the basis of observed organic carbon (OC) and elemental carbon of the impact of WRF-NMM and WRF-ARW meteorology on
(EC), and air quality modeled primary OC/EC ratios, Atmos. CMAQ simulations for @ and related species during the 2006
Environ., 38, 5257-5268, 2004. TexAQS/GoMACCS campaign. Atmos. Pollut. Res., 3, 149-162,

Yu, S. C., Dennis, R., Roselle, S., Nenes, A., Walker, J., Eder, B., doi:10.5094/APR.2012.012012b.

Schere, K., Swall, J., and Robarge, W.: An assessment of the abilZhang, Y.: Online-coupled meteorology and chemistry models: his-

ity of 3-D air quality models with current thermodynamic equi-  tory, current status, and outlook, Atmos. Chem. Phys., 8, 2895—
librium models to predict aerosol Np J. Geophys. Res., 110, 2932, doi10.5194/acp-8-2895-2003008.
D07S13, doil0.1029/2004JD004712005. Zhang, Y., Easter, R. C., Ghan, S. J., and Abdul-Razzak,

Yu, S. C., Eder, B., Dennis, R., Chu, S.-H., and Schwartz, S.: New H.: Impact of Aerosol Size Representation on Modeling
unbiased symmetric metrics for evaluation of air quality models, Aerosol-Cloud Interactions, J. Geophys. Res., 107, 4558,
Atmos. Sci. Lett., 7, 26—34, 2006. doi:10.1029/2001JD0015492002.

Yu, S. C., Bhave, P. V., Dennis, R. L., and Mathur, R.: Seasonal an&Zhang, Y., Wen, X.-Y., and Jang, C. J.: Simulating Climate-
regional variations of primary and secondary organic aerosols Chemistry-Aerosol-Cloud-Radiation Feedbacks in Continental
over the continental United States: Semi-empirical estimates and U.S. using Online-Coupled WRF/Chem, Atmos. Environ., 44,
model evaluation, Environ. Sci. Technol., 41, 4690-4697, 2007a. 3568-3582, 2010a.

Yu, S. C., Mathur, R., Schere, K., Kang, D., Pleim, J., and Otte,Zhang, Y., Liu, P., Liu, X.-H., Jacobson, M. Z., McMurry, P. H.,
T. L.: A Detailed Evaluation of the Eta-CMAQ Forecast Model Yu, F., Yu, S. C., and Schere, K. L.:. A comparative study of
Performance for @), Its Related Precursors, and Meteorological homogeneous nucleation parameterizations, part Il. 3-D model
Parameters During the 2004 ICARTT Study, J. Geophys. Res., simulations and evaluation, J. Geophys. Res., 115, D20213,
112, D12S14, doi:0.1029/2006JD007718007b. doi:10.1029/2010JD014152010b.

Yu, S. C., Mathur, R., Schere, K., Kang, D., Pleim, J., Young, Zhang, Y., Chen, Y.-C., Sarwar, G., and Schere, K.: Impact of
J., Tong, D., McKeen, S., and Rao, S. T.: Evaluation of real- Gas-Phase Mechanisms on WRF/Chem Predictions: Mechanism
time PM, 5 forecasts and process analysis for PVformation Implementation and Comparative Evaluation, J. Geophys. Res.,
over the eastern U.S. using the Eta-CMAQ forecast model dur- 117, D01301, doi0.1029/2011JD015772012.
ing the 2004 ICARTT Study, J. Geophys. Res., 113, D06204,
doi:10.1029/2007JD009222008.

Yu, S., Mathur, R., Pleim, J., Pouliot, G., Wong, D., Eder, B.,

Schere, K., Gilliam, R., and Rao, S. T.: Comparative evaluation
of the impact of WRF/NMM and WRF/ARW meteorology on
CMAQ simulations for PM 5 and its related precursors during
the 2006 TexAQS/GOMACCS study, Atmos. Chem. Phys., 12,
4091-4106, doi0.5194/acp-12-4091-2012012a.

www.atmos-chem-phys.net/14/11247/2014/ Atmos. Chem. Phys., 14, 1124285 2014


http://dx.doi.org/10.1029/2004JD004718
http://dx.doi.org/10.1029/2006JD007715
http://dx.doi.org/10.1029/2007JD009226
http://dx.doi.org/10.5194/acp-12-4091-2012
http://dx.doi.org/10.5094/APR.2012.015
http://dx.doi.org/10.5194/acp-8-2895-2008
http://dx.doi.org/10.1029/2001JD001549
http://dx.doi.org/10.1029/2010JD014151
http://dx.doi.org/10.1029/2011JD015775

