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ABSTRACT

TheWeather Research and ForecastingModel with Aerosol–Cloud Interactions (WRF-ACI) is developed
for studying aerosol effects on gridscale and subgrid-scale clouds using common aerosol activation and ice
nucleation formulations and double-moment cloud microphysics in a scale-aware subgrid-scale parameteri-
zation scheme. Comparisons of both the standard WRF and WRF-ACI models’ results for a summer season
against satellite and reanalysis estimates show that the WRF-ACI system improves the simulation of cloud
liquid and ice water paths. Correlation coefficients for nearly all evaluated parameters are improved, while
other variables show slight degradation. Results indicate a strong cloud lifetime effect from current clima-
tological aerosols increasing domain average cloud liquid water path and reducing domain average precipi-
tation as compared to a simulation with aerosols reduced by 90%. Increased cloud-top heights indicate
a thermodynamic invigoration effect, but the impact of thermodynamic invigoration on precipitation is
overwhelmed by the cloud lifetime effect. A combination of cloud lifetime and cloud albedo effects increases
domain average shortwave cloud forcing by;3.0Wm22. Subgrid-scale clouds experience a stronger response
to aerosol levels, while gridscale clouds are subject to thermodynamic feedbacks because of the design of
theWRFmodeling framework. Themagnitude of aerosol indirect effects is shown to be sensitive to the choice
of autoconversion parameterization used in both the gridscale and subgrid-scale cloud microphysics, but
spatial patterns remain qualitatively similar. These results indicate that the WRF-ACI model provides the
community with a computationally efficient tool for exploring aerosol–cloud interactions.

1. Introduction

Aerosols have various impacts on clouds by acting as
either cloud condensation nuclei or ice nuclei and these
collections of effects on radiation and precipitation,
known as aerosol indirect effects (AIE), have been
documented by the Intergovernmental Panel on Climate
Change in multiple reports (e.g., Lohmann and Feichter
2005; Denman et al. 2007; Tao et al. 2012; Boucher et al.

2013). The first AIE, also known as the ‘‘cloud albedo
effect’’ or ‘‘Twomey effect,’’ describes how increases in
cloud droplet number concentration (CDNC) from in-
creasing aerosol levels subsequently lead to an increase in
cloud albedo assuming cloud water remains constant
(e.g., Twomey 1977). The second AIE, or the ‘‘cloud
lifetime effect,’’ describes how reduced precipitation
from higher CDNC leads to increases in cloud water and
cloud coverage by extending the lifetime of precipitating
clouds (e.g., Albrecht 1989). The glaciation effect de-
scribes the process where aerosols can act as contact ice
nuclei thereby enhancing precipitation in mixed-phase
clouds by enhancing the rate of the Bergeron–Findeisen
process (e.g., Lohmann 2002). The enhancement of
cloud water from the cloud life effect can also allow for
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greater lofting and freezing of cloud droplets which re-
lease latent heat that invigorates the updrafts and pre-
cipitation via the thermodynamic invigoration effect
(e.g., Rosenfeld et al. 2008). AIEs are an open field of
study with many discoveries of new effects (e.g., Lohmann
andFeichter 2005; Tao et al. 2012;Kudzotsa et al. 2016a,b).
However, despite ongoing research, aerosol–cloud inter-
actions (ACI) remain a large source of debate and un-
certainty in the scientific community (e.g., Denman et al.
2007;Bender 2012;Boucher et al. 2013;Zelinka et al. 2014).
The Weather Research and Forecasting (WRF)

Model is a state of the art numerical weather prediction
model capable of supporting high-resolution simula-
tions (Skamarock and Klemp 2008). The version of
WRF (3.8.1) available to the weather modeling com-
munity is limited in terms of ACI, since none of the
current subgrid-scale cumulus parameterizations con-
tain cloud microphysical processes and many of the
gridscale cloud microphysics parameterizations use
simplified spatially and temporally uniform assumptions
for CDNC. There are ‘‘aerosol aware’’ gridscale micro-
physics and cumulus parameterization options available
in WRF (e.g., Grell and Freitas 2014, hereafter GF14;
Thompson and Eidhammer 2014, hereafter TE14). How-
ever, to the authors’ knowledge, these schemes do not
treat the speciation effects of aerosols and are not har-
monized together into a comprehensive self-consistent
system to simulate ACI across all scales for both convec-
tive and nonconvective environments.
The above limitations can be somewhat offset using

the highly specialized Weather Research and Forecast-
ing Model with Chemistry (WRF-Chem; Grell et al.
2005) orWeather Research and ForecastingModel with
CAM5 physics suite (WRF-CAM5; Ma et al. 2014; Lim
et al. 2014) configurations. Both the WRF-Chem and
WRF-CAM5 configurations of WRF have prognostic
simulations of aerosols, which is beneficial for simulat-
ing ACI, but come with the additional limitation of large
computational expense and a laborious preparation of
several other input data. For example, using either the
simplistic or sophisticated gas and aerosol mechanisms
in WRF-Chem necessary to accurately predict ambi-
ent aerosol conditions can increase simulation times by
anywhere from 116% to 2000% compared to simplistic
WRF-Chem simulations of only dust tracers (https://
ruc.noaa.gov/wrf/wrf-chem/wrf_tutorial_2018/cost.pdf).
Additionally, the WRF-CAM5 configuration has some
limitations representing ACI since the Morrison and
Gettelman (2008) microphysics parameterization uses a
diagnostic rain scheme that artificially enhances rain
sensitivity to aerosols (Posselt and Lohmann 2009; Ma
et al. 2014). The Zhang and McFarlane (1995) cumulus
parameterization that is part of WRF-CAM5 may also

be somewhat limited since it is designed for use in gen-
eral circulation models and lacks scale awareness, even
though the WRF-CAM5 package has been shown to
have comparable performance toWRF-Chem (Ma et al.
2014). Further, WRF-CAM5’s usage of different types
of aerosols with different activation schemes in gridscale
and subgrid-scale formulations may constitute some
inconsistency and add to increasing uncertainty.
To help with alleviating the above described limita-

tions with WRF and without invoking integrated mod-
eling complexities, in thisworkwepresent amethodology
to include AIE with a consistent treatment of aerosol
activation and ice nucleation physics for resolved and
parameterized clouds using a bias corrected prescribed
aerosol climatology. To that effect, temporally and spa-
tially varying ACI are introduced into the WRF Model.
Specific objectives of this study are to 1) evaluate the
performance of the WRF Model with the new ACI
treatments, 2) compare its performance with the base
WRF Model, 3) investigate the impact of current clima-
tological aerosols on high-resolution regional seasonal
applications, and 4) investigate the uncertainty of ACI
introduced by the cloud drop to rain drop autoconversion
parameterizations over the eastern United States.

2. Model development

In this section, we describe modifications we have
made to the subgrid-scale and gridscale cloud formula-
tions and radiation scheme along with the preparation
and refinements of aerosol inputs used in our study.

a. Subgrid-scale aerosol–cloud interactions

To overcome some of the above limitations of the
WRF 3.8.1 model, the subgrid-scale convective cloud
microphysics parameterization of Song and Zhang
(2011, hereafter SZ11) has been modified and incorpo-
rated into the multiscale Kain–Fritsch cumulus param-
eterization (MSKF; Alapaty et al. 2014; Mahoney 2016;
Zheng et al. 2016). The MSKF cumulus parameteriza-
tion, which was based on the original Kain–Fritsch cu-
mulus parameterization (Kain and Fritsch 1990; 1993;
Kain 2004), has scale-dependent formulations and sev-
eral other improvements to facilitate the simulation of
AIEs. These include 1) shallow and deep cloud radiation
interactions, 2) a scale-dependent generalized dynamic
convective adjustment time scale for shallow and deep
convective clouds, 3) scale-dependent and lifting conden-
sation level-based lateral entrainment, 4) scale-dependent
fallout rate for condensates, 5) scale-dependent atmo-
spheric stabilization capacity, and 6) elimination of double
counting of precipitation for saturated atmospheric con-
ditions. For further details about the MSKF scheme,
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readers are referred to Text S1 in the online supple-
mental material. The SZ11 microphysics scheme is a
bulk two moment microphysics package that simulates
the mass and number of four hydrometeor classes in-
cluding cloud liquid water, cloud ice, snow, and rain. The
SZ11 scheme simulates several key microphysical pro-
cesses including autoconversion, accretion, collection,
cloud droplet activation, freezing, the Bergeron–
Findeisenprocess (Wegener 1911;Bergeron1935;Findeisen
1938), ice nucleation, and convective detrainment of hy-
drometeors (SZ11). For further details, see the Text S2
in the supplemental material.
Additionally, a few scientific updates were added

to the MSKF scheme and the embedded SZ11 mi-
crophysics. The cloud droplet to rain autoconversion
scheme in SZ11 is based on the formulation of
Khairoutdinov and Kogan (2000), which may be inad-
equate for deep convection since it was generated by
fitting empirical data for marine stratocumulus clouds.
This formulation is updated using the constants from
Kogan (2013) that are derived for cumulus clouds. The
ice and liquid water fractions within the MSKF scheme
were originally determined by a default profile from the
Kain–Fritsch scheme. This profile has been updated us-
ing remote sensing measurements from the Moderate
Resolution Imaging Spectroradiometer (MODIS) and
Cloud–Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) datasets to better represent
the formation of supercooled liquid water based on
Hu et al. (2010). The fraction of supercooled water
in clouds is a function of cloud temperature Tc (8C)
following the sigmoid function f (Tc),

f (T
c
)5

1

11 e2p(Tc)
, (1)

where p(Tc) is

p(T
c
)5 7:67251 1:0118T

c
1 0:1422T2

c 1 0:0106T3
c

1 3:393 1024T4
c 1 3:953 1026T5

c (2)

and describes the polynomial fit between Tc and f (Tc)
(Hu et al. 2010).
Although the SZ11 microphysics package is part of a

version of WRF-CAM5 (Lim et al. 2014), the incorpo-
ration of SZ11 into the MSKF parameterization is an
important advancement enabling the study ofACI in the
so-called ‘‘gray zone’’ or convection-permitting scales
(e.g., from 12- to 1-km grid spacing). The use of cumulus
parameterizations in the gray zone is still a matter of
debate but the consensus in the community is that a
cumulus parameterization should ‘‘shut itself off’’ at
finer resolutions and become more active at coarser

resolutions (Hong and Dudhia 2012). The MSKF pa-
rameterization’s scale aware aspects fulfill this require-
ment and also allow for the simulation of convective
cloud–radiation feedbacks necessary to simulate the
aerosol indirect effects (Alapaty et al. 2012; Zheng
et al. 2016).

b. Gridscale aerosol–cloud interactions

To simulate ACI across scales, a consistent treatment
forACI is needed in both the gridscale and subgrid-scale
cloud microphysics. To accomplish this aspect, the
aerosol activation and ice nucleation components of the
SZ11 microphysics package have been implemented
into the Morrison double-moment microphysics
(MDM) parameterization (Morrison et al. 2005, 2009)
within WRF. Aerosol activation within the SZ11 mi-
crophysics package is based on the method of Abdul-
Razzak and Ghan (2000, hereafter AG00). This scheme
simulates the activation of multiple types of aerosols
that compete to form cloud droplets based on their in-
dividual properties such as aerosol size and hygroscop-
icity. Thenucleation of newclouddroplets is parameterized
as a function of updraft velocity, aerosol number con-
centration, aerosol size distribution, and temperature.
For the gridscale aerosol activation scheme a subgrid
vertical velocity component is added to the gridscale
vertical velocity to represent subgrid-scale variability.
This subgrid-scale vertical velocity is parameterized
following Eq. (24) inMorrison et al. (2005), with a mixing
length scale of 20m. The aerosol activation scheme re-
places the existing prescribed cloud droplet number
concentration of 250cm23 used in the MDM scheme.
The second component of the gridscale ACI treat-

ment is the ice nucleation scheme of Liu and Penner
(2005, hereafter LP05). This ice nucleation scheme
treats the formation of ice crystals via a combination of
homogenous ice nucleation, heterogeneous immersion
nucleation, and deposition/condensation ice nucleation
(LP05; Liu et al. 2007). The combination of ice crystal
nucleation from these three pathways replaces the
Cooper (1986) ice nucleation parameterization used in
the MDM scheme. More details on this ice nucleation
parameterization can be found in the supplemental
material. In addition to changing the ice nucleation pa-
rameterization, the threshold radius for converting ice
crystals to snow (Dcs) is increased from 125mm in the
default MDM scheme to 350mm in the Weather Re-
search and Forecasting Model with Aerosol–Cloud In-
teractions (WRF-ACI) treatment (to achieve optimal
radiation performance). Parameter Dcs is a somewhat
unphysical parameter but its value exists in the range of
approximately 90–400mm (H. Morrison, NCAR, 2017,
personal communication), thus this increase is justified.
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c. Coupling of radiation and microphysics

To simulate the impact of ACI on radiation, the cloud
water, cloud ice, and snow mixing ratios, as well as, the
cloud droplet, ice crystal, and snow effective radii from
both theMSKF and theMDM schemes must be coupled
to the Rapid Radiative Transfer Model for GCMs
(RRTMG) longwave and shortwave radiation schemes
(Clough et al. 2005; Iacono et al. 2008). In the default
model, hydrometeor mixing ratios for all classes except
subgrid-scale snow are already coupled to RRTMG.
Therefore, the only updates to the radiation code in-
clude passing the subgrid-scale snow mixing ratios and
all hydrometeor effective radii to the RRTMG scheme.
The method for coupling of effective radii is the same
method as described in Thompson et al. (2016), where
effective radii calculated by the microphysics schemes
are used instead of lookup table values for physical
consistency.

d. Aerosol concentrations

The aerosol concentrations used in the newWRF-ACI
treatment are generated by a version of the Community
Earth System Model (Hurrell et al. 2013) developed at
the North Carolina State University (CESM-NCSU; He
and Zhang 2014; Gantt et al. 2014; Glotfelty et al. 2017a).
Aerosol mass concentrations are obtained from a 0.98 3
1.258 horizontal grid spacing global scale decadal simu-
lation spanning the years of 2001–10 using greenhouse
gases emissions from the representation concentration
pathway scenario with anthropogenic forcing stabilizing
at 4.5Wm22 (RCP4.5) by 2100 (Glotfelty et al. 2017b).
The aerosol concentrations from this decadal simulation
are averaged into a monthly aerosol climatology, and the
aerosol species from CESM-NCSU are mapped into 11
bulk aerosol species used in the SZ11microphysics package
according to Table S1 in the supplemental material. The
aerosol climatology is read into theWRFModel where it is
horizontally and vertically interpolated to the WRF co-
ordinates. Aerosol concentrations are linearly interpolated
between each month to correspond to the date of the
WRF simulation. We have bias corrected the climato-
logical aerosol concentrations for WRF by multiplying
the CESM aerosol concentrations by the normalized
mean bias values reported in Glotfelty et al. (2017b).

e. Comparison to existing ‘‘aerosol aware’’ schemes

As discussed in section 1, the WRF-ACI system
implementation performs a similar function as the existing
GF14 cumulus parameterization and TE14 gridscale
cloud microphysics parameterization in WRF. In terms
of cumulus parameterizations bothMSKF andGF14 are
aerosol and scale aware. The primary difference is that

the MSKF scheme in theWRF-ACI system has subgrid-
scale convective cloudmicrophysics and therefore explicit
ACIs are included. The MDM scheme in WRF-ACI and
the TE14 scheme both represent the impacts of spatially
and temporally variable aerosols on gridscale clouds. The
way in which aerosols interact with clouds are qualita-
tively similar, with slight differences. In the WRF-ACI
MDM scheme, aerosol activation and ice nucleation are
calculated using the AG00 and LP05 parameterizations
mentioned above. InTE14 aerosol activation is calculated
using a lookup table methodology, using similar input
parameters as the AG00 scheme. Ice nucleation in TE14
is based solely on dust concentrations as opposed to
sulfate, black carbon, and dust in WRF-ACI. In TE14
the dust impacts ice nucleation though the DeMott et al.
(2010) parameterization for condensation and immer-
sion freezing and the Phillips et al. (2008) parameteri-
zation for deposition nucleation. Dust concentrations
are also allowed to impact the effective temperature for
the freezing of water droplets. The aerosol climatology
between WRF-ACI and TE14 is also different. The
TE14 aerosols are based on a 2001–07 global model
climatology (Colarco et al. 2010), where all hydrophilic
aerosols are lumped into a single water friendly CCN
concentration and accumulated dust mass larger than
0.5mm becomes potential ice nuclei. The TE14 scheme
also allows for the advection of these species through the
implementation of a simplified emissions and removal
parameterization. In WRF-ACI the aerosol climatology
contains additional aerosol species such as ammonium,
nitrate, and secondary organic aerosol that are not
treated or simplified in the TE14 climatology and the
hygroscopic properties of the individual aerosol species
are accounted for. However, in WRF-ACI aerosol
concentrations are prescribed and thus not advected,
emitted, or removed (as these processes were already
performed by the host model, CESM). The main ad-
vantage of WRF-ACI over the GF14 and TE14 pa-
rameterizations is that the ACI treatment is consistent
in both the gridscale and subgrid-scale clouds, allowing
for the study of ACI across all model resolutions in a
consistent fashion.

3. Experimental design

In this section, we present details of the model con-
figuration, numerical simulations performed, and vari-
ous observational datasets used in this study. A list of all
acronyms used in this manuscript is provided in Table 1.

a. Model configurations

The WRF4.0 physics options that are part of the
WRF-ACI treatment are listed in Table 2. These physics
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options are based on several commonly used physics
configurations within the WRF and air quality commu-
nity (e.g., Campbell et al. 2015). AllWRF simulations are
initialized with the 12-km reanalysis of the National
Centers for Environmental Prediction North American
Mesoscale Forecast System (NAM) model merged with
additional observations. The additional observations
include upper-air radiosondemeasurements, wind profiler
measurements, and Weather Surveillance Radar-1988
Doppler (WSR-88D) velocity–azimuth display algorithm
wind data obtained from the National Center for Atmo-
spheric Research (NCAR) and surface meteorological
fields obtained from the Meteorological Assimilation
Data Ingest System. These observations are merged with
the 12-km NAM reanalysis using NCAR’s OBSGRID
utility to generate initial conditions, boundary conditions,
and nudging files for all WRF simulations.
The WRF-ACI system and the baseline simulations

presented in this work use analysis nudging to reduce
secondary feedbacks, especially when aerosol concen-
trations are perturbed, to elucidate just the impact of the
aerosol indirect effects. The simulations are nudged in
the free atmosphere via four-dimensional data assimi-
lation (FDDA; Stauffer and Seaman 1990; Stauffer and
Seaman 1994) and at the surface using the flux-adjusting
surface data assimilation system (FASDAS; Alapaty
et al. 2008; He et al. 2017). FASDAS is an analysis
nudging system similar to FDDA that corrects errors in
surface temperature and moisture fields in a thermo-
dynamically consistent manner. FASDAS consists of
direct nudging of temperature and water vapor mixing
ratio in the lowest model layer that is balanced by an
indirect adjustment of the surface sensible heat flux and
latent heat fluxes in the land surface model (Alapaty
et al. (2008). More details on FASDAS as implemented
in WRF can be found in He et al. (2017). In the free
atmosphere with FDDA, temperature and the horizontal
wind speed components are nudged using a relaxing co-
efficient of 5.03 1025 s21 and water vapor mixing ratio is
nudged with a relaxation coefficient of 5 3 1026 s21.
These weak nudging values are used as they allow for
numerical consistency of WRF’s physics parameteriza-
tions, while still constraining model drift. These values
were derived from sensitivity tests of the model configu-
rations in Bullock et al. (2014). FASDAS nudges surface
temperature and moisture using relaxation coefficients
of 8.33 1024 s21. The FASDAS coefficients are based on
the time scale of large eddy turnover (i.e., 20min) within
the boundary layer (Alapaty et al. 2008). No nudging is
applied in planetary boundary layer.
Five seasonal simulations are conducted for the period

of June–August (JJA) 2006 using 12-km grid spacing. The
first simulation is the default WRF version 3.8.1 with the

TABLE 1. List of acronyms.

Acronym Expansion

ACI Aerosol–cloud interactions
AG00 Abdul-Razzak and Ghan (2000)
AIE Aerosol indirect effect
ARF Aerosol radiative forcing
BASE Simulation using default WRFv3.8.1
CDNC Cloud droplet number concentration
CERES_EBAF Clouds and the Earth’s Radiant Energy

System_Energy Balanced and Filled
CICDNC Column integrated cloud droplet number

concentration
CIINC Column integrated ice number

concentration
CLDFRA Total cloud fraction
CLE Cloud lifetime effect
CP Cumulus parameterization
DCCF Deep convective cloud fraction
FASDAS Flux-adjusting surface data assimilation
FDDA Four-dimensional data assimilation
GF14 Grell and Freitas (2014)
IWP Cloud ice water path
JJA June–August
KK0013 Khairoutdinov and Kogan (2000) and

Kogan (2013)
LAERO Simulation with aerosol concentrations

reduced by 90%
LD04 Liu and Daum (2004)
LP05 Liu and Penner (2005)
LWCF Longwave cloud forcing
LWP Cloud liquid water path
MB Mean bias
MDM Morrison double-moment microphysics

scheme
MODIS Moderate Resolution Imaging

Spectroradiometer
MSKF Multiscale Kain–Fritsch
NAM North American Mesoscale Forecast

System
NCAR National Center for Atmospheric

Research
NOAA-18 National Oceanic and Atmospheric

Administration-18 satellite
OLR Outgoing longwave radiation
PRF Pseudo-radiative forcing
PRISM Parameter-Elevation Regressions on

Independent Slopes Model
R Pearson’s correlation coefficient
RMSE Root-mean-square error
RRTMG Rapid Radiative Transfer Model for

GCMs
SWCF Shortwave cloud forcing
SWDOWN Downwelling shortwave radiation at

Earth’s surface
SZ11 Song and Zhang (2011) microphysics
TE14 Thompson and Eidhammer (2014)
WRF Weather Research and Forecasting

Model
WRF-ACI WRF with Aerosol-Cloud Interactions
WRF-Chem WRF with online coupled Chemistry
WRF-CAM5 WRF with CAM5 physics suite
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configuration listed in Table 2, hereafter referred to as
BASE. The second simulation is the same as BASE but
with all the model developments listed in section 2, here-
after referred to asWACI. The third simulation is the same
as WACI but with all (i.e., anthropogenic and natural)
aerosol concentrations reduced by 90%, hereafter referred
to as LAERO. The fourth and fifth simulations have the
same configurations as the WACI and LAERO simula-
tions but utilize the autoconversion parameterization of
Liu andDaum (2004, hereafter LD04) in both the gridscale
and subgrid-scale microphysics; these simulations are re-
ferred to as WACI-LD04 and LAERO-LD04. The eval-
uation of the BASE and WACI simulations illustrate the
performance of the WRF Model with this new configura-
tion and show the difference in model predictions that
result from the ACI model developments. The differences
between the WACI and LAERO simulations are used
to investigate the impact of aerosols on simulated
cloud properties, precipitation, and radiation. The
differences between the WACI-LD04 and LAERO-
LD04 simulations are compared against the differ-
ences between the WACI and LAERO simulations in
order to investigate the uncertainty of ACI introduced
by the choice of autoconversion parameterization.
The JJA 2006 time period was selected since it is one
of the summer periods from the Air Quality Model
Evaluation International Initiative phase 2 project
(e.g., Campbell et al. 2015) and thus this period has
been heavily evaluated by the air quality community.
The use of analysis nudging in WRF-ACI is concep-

tually similar to the use of the specified dynamics or
idealized nudging configurations from global climate

models that are considered best practice when simulat-
ing aerosol effects (e.g., Kooperman et al. 2012;Ma et al.
2015). However, as noted by Kooperman et al. (2012)
nudging may impact model physics in a nontrivial way
and thus must be implemented with care. Using nudging
for ACI experiments is a trade-off between constraining
model errors and dampening aerosol feedbacks. As
demonstrated in the work of Otte et al. (2012), without
the use of nudging for regional climate simulations the
WRF climate will drift, resulting in erroneous climate ex-
tremes. Similarly, He et al. (2017) running the same gen-
eral configuration of WRF over the same time period as
this study found that the FDDA–FASDAS nudging con-
figuration was able to significantly reduce accumulated
errors in 2-m temperature and reduce a significant dry bias
in the centralUnited States. Therefore, it is clear that some
nudging constraint is required to keep WRF-ACI from
experiencing model biases and climate drift that may im-
pact the validity of the simulations. Kooperman et al.
(2012) addressed the trade-off of reduced climate errors
and dampened aerosol effects by weakly nudging their
aerosol baseline and sensitivity simulations toward an
idealized free-run climate simulation using a relaxation
coefficient that approximates a time scale of 6h. This time
scale is longer than the lifetime of a cloud and is thus
suppressing secondary feedbacks rather than actual ACI
radiative forcing (Kooperman et al. 2012). The FDDA
free-atmosphere nudging in this work also uses nudging
coefficients that approximate a time scale of 6 or 60h in the
case ofmoisture, and thus only secondary feedbackswithin
the free atmosphere will be dampened. However, at the
surface FASDASwill constrain temperature andmoisture
on amuch faster time scale.Despite having the potential to
overwhelm some aerosol impacts at the surface, the use of
FASDAS is important as radiative budget errors within
WRF, described in greater detail in section 4, could allow
the sensitivity simulations to drift to a different atmo-
spheric state complicating comparison with the baseline
simulations. He et al. (2017) investigated whether or not
nudging using FDDA and FASDAS would overwhelm
the impact of aerosol effects by computing apseudoradiative
forcing (PRF) based on nudging temperature adjust-
ments and compared those to aerosol radiative forcings
(ARFs) available in the literature. They found that
while the nudging has the potential to dampen out
aerosol effects on a small scale in locations where tem-
perature errors are large, the domain-wide PRF was still
smaller than reported ARFs. In the free atmosphere the
PRFs were even lower compared to reported ARFs.
Therefore, the use of the FDDA–FASDAS nudging
configuration to reduce model biases and prevent model
drift between sensitivity and baseline simulations is
justified despite potential uncertainties.

TABLE 2. Model configurations.

Parameter Configuration

Region Eastern United States
Horizontal grid spacing 12 km
Vertical levels 35
Time period June–August 2006

Physics Parameterization Configuration

Cumulus MSKF (Alapaty et al. 2014; Zheng
et al. 2016)

Microphysics MDM (Morrison et al. 2005, 2009)
Boundary layer Yonsei University (Hong et al. 2006)
Surface layer Monin–Obukhov (Monin and

Obukhov 1954; Janjić 2002)
Land surface model Noah (Chen and Dudhia 2001; Ek

et al. 2003)
Radiation RRTMG (Clough et al. 2005; Iacono

et al. 2008)
Free-atmosphere data

assimilation
FDDA (Stauffer and Seaman 1990,

1994)
Surface data assimilation FASDAS (Alapaty et al. 2008; He

et al. 2017)
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b. Evaluation protocol and datasets

Model performance is evaluated against several obser-
vational datasets. Radiative variables including shortwave
cloud forcing (SWCF), longwave cloud forcing (LWCF),
outgoing longwave radiation at the top of the atmosphere
(OLR), and downwelling shortwave radiation at the
Earth’s surface (SWDOWN) are evaluated against sat-
ellite estimates from the Clouds and the Earth’s Radiant
Energy System/Energy Balanced and Filled (CERES_
EBAF) dataset. Cloud liquid water path (LWP) and
cloud fraction (CLDFRA) are evaluated against MODIS
level three estimates. Cloud ice water path (IWP) is eval-
uated against estimates from the European Organisa-
tion for the Exploitation of Meteorological Satellites
(EUMETSAT) Satellite Application Facility on Climate
Monitoring Cloud Albedo and Radiation dataset derived
fromNational Oceanic and Atmospheric Administration-18
(NOAA-18) satellite observations. Last, precipitation is
evaluated against estimates from the Parameter-Elevation
Regressions on Independent Slopes Model (PRISM)
dataset (Daly et al. 1994). None of the parameters eval-
uated are directly nudged, therefore it can be assumed
that they are allowed to freely evolve with the model
physics within the restrains of the nudged state variables.
However, OLR is related to atmospheric temperature
and may be indirectly impacted by the use of nudging.
All satellite and PRISM estimates are regridded from

their native resolutions to the WRF domain to facilitate
the comparison with the simulated fields. JJA average
satellite and simulated fields are compared for radiative
variables. LWPand IWP satellite estimates are compared
to JJA-averaged simulated fields for only cloudy sky
conditions during the time window of 1400– 1600 UTC
to correspond with the satellite crossing time of the
MODIS and NOAA-18 satellites. JJA simulated total
precipitation is compared against JJA total estimated
precipitation fromPRISM.Model performance is gauged
based on the comparison of spatial patterns between
simulated and estimated fields as well as statically based
measures of mean bias (MB), root-mean-square error
(RMSE), and Pearson’s correlation coefficient R.

4. Model evaluation and comparison

Model performance statistics for the various meteoro-
logical, cloud, and radiative variables mentioned above
can be found in Table 3. Overall, Table 3 shows that the
WACI and BASE simulations generally predict a similar
atmospheric state. The MB and RMSE of LWP and IWP
are significantly reduced in the WRF-ACI system, al-
though other variables show slight degradation. It is in-
teresting to note that R values of all evaluated parameters

either remain similar or improve in the WACI simulation
compared to BASE, except for LWP. Improvements in
R values provide some evidence that the use of spatially
varying aerosol concentrations andmore realistic coupling
improves the spatial pattern of simulated radiation, clouds,
and precipitation. The reduction in the R value for LWP
occurs due to overprediction in LWP in the southern
United States, where MSKF has a dominant contribution.

a. Radiation

JJA averages for several radiative variables (Wm22)
from the BASE and WACI simulations are compared
against CERES_EBAF estimates in Fig. 1. These are
Fig. 1a for longwave cloud forcing (LWCF), Fig. 1b for
outgoing longwave radiation (OLR), Fig. 1c for shortwave
cloud forcing (SWCF), and Fig. 1d for SWDOWN. BASE
and WACI simulations underpredict SWCF (i.e., MBs
of 24.1 and 24.9Wm22, respectively) and LWCF (i.e.,
MBs of29.9 and213.9Wm22, respectively) compared to
CERES_EBAF estimates and subsequently overpredict
OLR (i.e., MBs of 5.0 and 9.3Wm22, respectively) and
SWDOWN (i.e., MBs 30.3 and 31.5Wm22, respectively).
These underpredictions in SWCF and LWCF may also be
related to the usage of a very simple subgrid-scale shallow
cloud formation scheme when the grid cell relative hu-
midity is less than 100% in the WRF Model. Thus, incor-
poration of a robust subgrid-scale shallow cloud formation
scheme can be beneficial as demonstrated by Ma et al.
(2014) for the simulation of clouds with the WRF-CAM5
configuration compared to the regularWRFModel. Errors
in simulated radiation may also be the result of general
inaccuracies in WRF simulated cloud coverage and cloud
thickness reported in previous studies (e.g., Thompsonet al.
2016). The WACI simulation has a slightly greater under-
prediction of SWCF andmoderate LWCFunderprediction
compared to the BASE simulation. This is a result of
coupling cloud drop and ice crystal effective radii from
MDM and MSKF to the RRTMG radiation scheme. The
values of the effective radii from the MDM and MSKF
scheme are generally larger than those prescribed in the
RRTMG lookup tables leading to greater radiative trans-
mission. The enhanced SWDOWN from using our meth-
odology is similar to other studies that have coupled cloud
effective radii from variousmicrophysics parameterizations
to RRTMG inWRF (e.g., Bae et al. 2016; Thompson et al.
2016). The slight degradation of radiation from improved
model physics inWACI indicates that tuning parameters in
other model physics or dynamics formulations are no lon-
ger applicable to the system.

b. Cloud properties

A comparison of simulated JJA averages of CLDFRA,
LWP, IWP, and surface precipitation with those obtained
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fromMODIS,NOAA-18, and PRISM estimates is shown
in Figs. 2a–d. The underpredicted radiation variables
shown in Fig. 1 are likely the result of underpredictions
in CLDFRA and cloud water (also shown in Table 3).
CLDFRA (Fig. 2a) is underpredicted in both the BASE
and WACI simulations (i.e., MBs of24.8% and 26.2%,
respectively; Table 3). Underpredictions are the largest
across the southeast United States and the northern
plains, likely due to an underprediction of cumulus
cloud cover. LWP (Fig. 2b) and IWP (Fig. 2c) are largely
underpredicted in both theBASEandWACI simulations
(i.e., MBs of2130.5,292gm22 and 3–56.9,226.4 gm22,
respectively; Table 3), with considerable discrepancies in
the simulated spatial patterns compared to satellite esti-
mates. Nevertheless, the WACI simulation is relatively
better than that of BASE. This type of poor performance
compared to satellite estimates is common inmany global
and regional models and reflects a general issue with the
simulation of cloud water that needs to be addressed by
the scientific community (e.g., Lauer and Hamilton 2013;
Zhang et al. 2012).However, theWACI simulation shows
significant improvement in the MB and RMSE of LWP
and IWP compared to the BASE simulation.
Differences in LWP, IWP, column-integrated CDNC

(CICDNC), column-integrated ice number concentra-
tions (CIINC), and precipitation between the WACI and
BASE simulations are respectively shown in Figs. 3a–e.
There is no value for subgrid-scale CICDNC and CIINC
in the BASE simulation since it does not have any mi-
crophysics, therefore the subgrid-scale CICDNC and
CIINC plots in Fig. 3 are a representation of the spatial
variability in WACI rather than an actual simulated dif-
ference. Increases in LWP (Fig. 3a) occur with theWRF-
ACI treatment due to the more realistic subgrid-scale
cloud water representation from the modified SZ11 mi-
crophysics scheme that increase the subgrid-scale LWP
by 8.5gm22 on domain average and up to 44.5 gm22 in
portions of the Southeast and Florida. The Southeast
region is also one of the regions with the highest subgrid-
scale CICDNC levels. Gridscale LWP is increased by
approximately 2.4 gm22 on domain average and up to

over 20 gm22 over the southern plains, portions of the
RockyMountains, and the Northeast/mid-Atlantic region.
The WRF-ACI treatment enhances gridscale CICDNC
(Fig. 3c) on domain average by 5.3 3 1014 cm22. This in-
crease in CICDNC enhances the model’s cloud lifetime
effect leading to increased LWP.
The Total IWP (Fig. 3b) increases by 13.6gm22 on do-

main average between the WACI and BASE simulations
due entirely to the increases in gridscale IWP. This unilat-
eral increase in gridscale IWP is the result of the increased
Dcs parameter in theWRF-ACI treatment that reduces the
removal efficiency of cloud ice. Subgrid-scale IWP declines
in theWACI simulation as a result of the changes made to
the water and ice fractions following the Hu et al. (2010)
formulation, which parameterizes water and ice fractions
based on satellite observations as a function of cloud tem-
perature. The Hu et al. (2010) formulation increased the
amount of simulated supercooled liquid water at the ex-
pense of the cloud ice and likely also contributes to the
large increases in subgrid-scale LWP. The LP05 ice nucle-
ation parameterization used in the WRF-ACI treat-
ment is limited in that it only represents three pathways
for ice nucleation from aerosols, unlike in other (e.g.,
Cooper 1986) ice nucleation parameterizations that are
empirically derived functions of temperature repre-
senting ice nucleation from all possible sources. As a
result, the ice nucleation treatment in WRF-ACI de-
creases domain average gridscale CIINC (Fig. 3d) by
4.23 1012 cm22. Subgrid-scale ice nucleation appears to
be only relevant over the Rockies and the Great Plains,
where most of the high-elevation convection occurs.

c. Precipitation

As discussed earlier, precipitation (Fig. 2d) is
underpredicted in both the WACI and the BASE sim-
ulations (i.e., MBs of258.3 and248.3mm, respectively),
with the most pronounced underprediction compared
to PRISM estimates occurring in the northern plains
and Northeast/mid-Atlantic regions. Underpredicted
precipitation in the northern plains also occurs in
the NAM model used to drive WRF and in many

TABLE 3. Model performance statistics.

BASE WACI

Variable Unit Mean obs Mean model MB RMSE R Mean model MB RMSE R

LWCF Wm22 31.0 21.2 29.9 12.0 0.52 17.1 213.9 15.2 0.53
OLR Wm22 254.8 259.8 5.0 9.1 0.71 264.1 9.3 11.6 0.75
SWCF Wm22 251.6 247.5 24.1 14.1 0.64 246.7 24.9 14.8 0.67
SWDOWN Wm22 257.0 287.3 30.3 34.7 0.65 288.5 31.5 36.2 0.65
LWP gm22 134.8 77.9 256.9 72.7 0.38 108.4 226.4 57.7 0.27
IWP gm22 193.3 62.9 2130.5 151.1 0.01 101.0 292.3 123.7 0.03
CLDFRA % 51.0 46.3 24.8 13.4 0.56 44.8 26.2 13.9 0.58
Precipitation mm 249.5 201.1 248.4 96.7 0.76 191.2 258.3 101.2 0.78
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global models. The precipitation bias in the NAM has
been attributed to the model’s inability to adequately
simulate the midtropospheric perturbations necessary
to induce convection in this region and insufficient
atmospheric humidity over the central United States
(e.g., Wang et al. 2009). These errors likely propagate to
WRF through the initial and boundary conditions or
mostly occur within the WRF Model. Total precipita-
tion (Fig. 3e) increases on domain average by ;4.8mm
due to the WRF-ACI updates, while the changes in
the precipitation pattern are complex. Subgrid-scale

precipitation is reduced on domain average by 5.9mm,
with much of the reduction occurring over the conti-
nental areas of the domain and the largest reduction
occurring over the Rockies and the northern plains.
However, there are substantial increases in precipitation
over the marine portions of the domain. The shift in
subgrid-scale precipitation appears to follow atmo-
spheric moisture availability based on the precipitable
water vapor plots shown in Fig. S1 of the supplemental
material. The shift in subgrid-scale precipitation is
likely a consequence of using a microphysics treatment

FIG. 1. Spatial distribution of radiative variables from the BASE and WACI simulations compared against CERES_EBAF estimates:
(a) longwave cloud forcing, (b) outgoing longwave radiation, (c) shortwave cloud forcing, and (d) downwelling surface shortwave
radiation.
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rather than the default MSKF scheme that diagnoses
precipitation triggered by the updraft velocity and buoy-
ancy of an air parcel at the LCL and other associated
parameters. This change in precipitation may represent a
limitation associated with many microphysics packages,
since experiential coefficients in microphysics schemes
have large uncertainty and may be different for convec-
tive and stratiform clouds andmay varywith environmental
conditions (Houze 1997;Kogan 2013;Aggarwal et al. 2016).
Gridscale precipitation (Fig. 3e) inWACI is increased

on domain average by ;10.7mm. The pattern of the
changes in gridscale precipitation is noisy but there is a

notable uniform increase in gridscale precipitation over
the northern plains. The increases over the continental
areas and especially over the northern plains are likely
due to the reduction in activity from MSKF, since both
MSKF and MDM compete for the same moisture. In-
creases in precipitation over the marine portions of the
domain most likely occur because of reduced gridscale
CICDNC compared the default model that allows for
greater precipitation efficiency. However, changes in
saturation from thermodynamic perturbations cannot
be ruled out. Despite increasing precipitation over the
marine regions, the total impact on precipitation over

FIG. 2. Spatial distribution of JJA-averaged (a) cloud fraction, (b) LWP, (c) IWP, and (d) precipitation from the BASE and WACR
simulations compared to MODIS, NOAA-18, and PRISM estimates.
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land is a net decrease which results in an increase of
;10mm in the dry bias compared to land-based PRISM
estimates.

5. Aerosol indirect effects

To study the impacts of aerosols on clouds, asmentioned
earlier, we performed another JJA simulation (LAERO)

where aerosol concentrations are ad hoc reduced by 90%
as compared to that in the WACI simulation to represent
clean conditions. The difference between the WACI and
LAERO will enable us to study aerosol indirect effects.
Figure 4 shows the difference in subgrid-scale, gridscale,
and total LWP, IWP, and precipitation between the
WACI and LAERO simulations. Similar differences in
subgrid-scale, gridscale, and total CICDNC and CIINC

FIG. 3. Differences in (left) subgrid-scale, (center) gridscale, and (right) combined cloud parameters and precipitation between theWACI
and BASE simulations: (a) LWP, (b) IWP, (c) CICDNC, (d) CIINC, and (e) surface precipitation.
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are shown in Fig. S2 of the supplemental material. These
difference plots show the LAERO simulation subtracted
from the WACI simulations to illustrate the impact of
aerosols on the cloud parameters. Therefore, in these
figures red colors indicate areas where aerosol effects
increase a parameter and blue colors indicate areas where
aerosols decrease a parameter.

a. Aerosol impacts on cloud liquid water

Higher aerosol levels (WACI minus LAERO) lead to
generally higher subgrid-scale and gridscale CICDNC
levels, increasing the total domain average CICDNC
(Fig. S3 of the supplemental material) level by 3.4 3
1016 cm22. The increase in CICDNC from ambient aero-
sol levels lead to domain average increases in subgrid-
scale, gridscale, and total LWP (Fig. 4a) of ;3.3, ;2.0,
and ;5.3gm22, respectively. This increase in LWP is a
result of the cloud lifetime effect. To determine the
change in cloud lifetime a similar method to that of Ma
et al. (2015) is used, where the cloud lifetime is defined
as the cloud liquid water (gm22) and rainwater (gm22)
paths divided by the hourly precipitation rate (gm22 h21).

This formulation deviates slightly fromMa et al. (2015),
which uses only cloud liquid water path divided by the
precipitation rate. Using this formulation, the domain
average subgrid-scale cloud lifetime increases from
;1.2 h in the LAERO simulation to;2.0 h with ambient
aerosol levels in the WACI simulation. Similarly, for
gridscale clouds domain average cloud lifetime increases
from ;8.5 h in the LAERO simulation to ;9.1 h in the
WACI simulation. Thus, the total lifetime of the clouds
increased due to increase in the aerosol concentrations.
To analyze the impacts of ACI on LWP the difference

in the LWP source term, sink term, and net tendency
between the WACI and LAERO simulations from both
the subgrid-scale and gridscale clouds are shown in
Fig. S3 of the supplemental material. The increase in
CICDNC leads to a strong reduction in the subgrid-scale
LWP sink terms that consist of autoconversion of cloud
drops to rain and accretion of cloud and rain drops.
Typically, aerosols have the strongest impact on the
autoconversion process and minimal impact on the ac-
cretion process (e.g., Ma et al. 2015). But, we find that
the accretion process in the subgrid-scale microphysics

FIG. 4. JJA-averaged differences in (a) LWP, (b) IWP, and (c) precipitation between the WACI and LAERO simulations.
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package is heavily impacted by the decline in auto-
conversion. This coupling of the autoconversion and
accretion potentially occurs because the subgrid-scale
clouds do not include horizontal transport processes
among neighboring grid cells. The strong decline in the
subgrid-scale LWP sink terms lead to an increase in the
subgrid-scale net LWP tendency, explaining the large
increase in subgrid-scale cloud LWP.
The impact of ACI on gridscale cloud LWP is more

complex. In the WRF system gridscale microphysics is
solved after including the impacts by all other model
physics processes on the state of the atmosphere and as a
result of this framework the gridscale microphysics is
heavily impacted by the effective perturbation by all the
other physics processes. This type of modeling method-
ology leads to a noisy impact in the gridscale LWP source,
sink, and net tendency shown in Fig. S3 of the supple-
mental material. This noisy pattern is consistent in all
three terms indicating that model feedbacks from changes
in radiation or subgrid-scale ACI dominate over gridscale
ACI impacts. However, gridscale ACI likely still play a
role since the net tendency for gridscale LWP is positive
over much of the domain causing the domain average
increase in gridscale LWP. The muted response of the
gridscale ACI on LWP is also likely a result of the prog-
nostic rain scheme in MDM, which is not as sensitive to
aerosol changes (e.g., Posselt and Lohmann 2009).

b. Impact of aerosols on cloud ice

The disparity between subgrid-scale and gridscale
ACI also occurs with IWP (Fig. 4b). Subgrid-scale IWP
increases with greater aerosol levels by ;0.1 gm22 on
domain average, while the pattern in gridscale IWP is
noisy with a slight domain average decrease of
;0.2 gm22. To analyze the impact of aerosols on IWP
the difference in the gridscale and subgrid-scale IWP
source, sink, and net tendency terms between theWACI
and LAERO simulations are shown in Fig. S4 of the
supplemental material. Subgrid-scale IWP sources,
sinks, and the net tendency all increase on domain av-
erage. This is a result of increases in subgrid IWP
propagating into the other terms. Increases in subgrid-
scale IWP sources are potentially related to greater ice
deposition or suppression of warm rain formation in the
lower part of the cloud that can cause greater amounts of
cloud water to be transported above the freezing level.
However, compared to MDM, the SZ11 microphysics
parameterization uses a simpler method to represent the
Bergeron–Findeisen process, which assumes that the cloud
liquid water is deposited onto the existing ice crystals when
ice water exceeds a threshold value of 0.5mgkg21. As a
result of this formulation, any increase in subgrid-scale
LWP that is caused by aerosols will lead to an increase in

subgrid-scale IWP. The pattern in the source, sink, and net
tendency terms for gridscale IWP are all noisy in a similar
fashion to those from the gridscale LWP, indicating that
most of the differences are caused by feedbacks.

c. Impact of aerosols on precipitation

Domain-averaged differences for the subgrid-scale,
gridscale, and total JJA precipitation (Fig. 4c) decrease
by ;17.6, ;5.0, and ;22.6mm, respectively. To further
analyze the change in precipitation, the differences in
the gridscale and subgrid-scale source, sink, and net
tendency terms for rain, snow, and graupel between the
WACI and LAERO simulations are shown in supple-
mental Figs. S5–S7. The gridscale and subgrid-scale net
precipitation tendency (i.e., the sum of the net rain,
snow, and graupel tendencies) between the WACI and
LAERO simulations is shown in Fig. S8 of the supple-
mental material.
The subgrid-scale suppression of precipitation by

aerosols occurs largely over the continental portion of
the domain due to the reduction in subgrid-scale rain
sources by reduced autoconversion and accretion of
cloud water. Subgrid-scale rain sinks and the net ten-
dency are alsomostly negative, except for rain sinks over
the oceanic portions of the domain. It is important to
note that in the context of this paper, sinks for rain,
snow, and graupel do not include fallout terms and the
fallout terms are implicitly assumed to be reflected in the
changes in precipitation. The increase in the subgrid-
scale rain sink over the oceans is due to the collision and
collection of rain drops by ice and snow crystals leading
to a net increase in the snow production rate shown in
Fig. S7 of the supplemental material. In the SZ11 mi-
crophysics scheme there are no sinks for snow (since
fallout is not considered a sink), therefore, the snow
source term and net tendency are identical. The increase
in snow production is dominated by accretion of cloud
droplets by snow over land (e.g., TE14), likely in re-
sponse to the cloud lifetime effect, and the collection
of rain drops by snow over the marine regions. These
findings are similar to both TE14 and Igel et al. (2013)
that have shown increased precipitation from higher
aerosol levels in mixed phase clouds, resulting from
greater accretion of rain and clouds droplets by snow.
The increase in snow production from the collection of
rain drops by snow in the moist oceanic environment is
responsible for the enhanced marine subgrid-scale pre-
cipitation. The net precipitation tendency is negative for
most of the domain, with an exception to some oceanic
locations. The spatial pattern of this tendency is not an
exact match to the change in total precipitation likely
because of other processes impacting subgrid-scale pre-
cipitation that are outside of the microphysics in MSKF,
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such as evaporation/sublimation of rain/snow, or vari-
ability in precipitation intensity during the JJA period.
Changes in gridscale precipitation are again subject to

many model perturbations. In general, the spatial pat-
terns of the changes in sources, sinks, and net tendencies
are similar for the gridscale rain, snow, and graupel
hydrometeor classes. The source and sink terms for all
three gridscale precipitation types decrease on domain
average, which does indicate gridscale ACI that sup-
presses precipitation. Interestingly, the domain average
sink terms for all three hydrometeor classes decrease
in magnitudes larger than the domain average source
terms. Since the sink terms for these hydrometeor clas-
ses only represent transformations between these hy-
drometeor types and evaporation/sublimation, it can be
reasonably assumed that these decreases in sinks are
caused by reductions in evaporation/sublimation. The
decrease in the rain sink term is large compared to the
decrease in the rain sources resulting in a positive do-
main average rain tendency that dominates the gridscale
net precipitation tendency shown in Fig. S8. Despite the
positive net precipitation tendency, the domain average
change in gridscale precipitation is still negative, while
there are many locations with increased precipitation
including the Midwest. The reduction in evaporation/
sublimation that causes the increased precipitation in
many areas is likely caused by a moistening of the en-
vironment from both the gridscale and subgrid-scale
cloud lifetime effects. This is because longer cloud life-
times reduce radiation reaching Earth’s surface cooling
the environment and the reduced precipitation efficiency,
especially in the subgrid scale, allow more moisture to be
retained in the atmosphere.

d. Impact of aerosols on cloud height and coverage

To further explore the impact of the aerosol indirect
effects the differences in deep convective cloud fraction
(DCCF), total cloud fraction, and subgrid-scale and
gridscale cloud-top heights between the WACI and
LAERO simulations are shown in Fig. 5. It is important
to note that the gridscale cloud-top height in these fig-
ures represents only warm clouds or mix phase clouds
but not ice clouds such as cirrus. The DCCF absolute
value increases on domain average by ;2.4 3 1025%
(which amounts to a relative increase of ;0.9%), while
the total cloud fraction declines on domain average by
;0.5%. The total cloud fraction decreases the most over
the southern plains and over the marine portion of the
domain, while there are increases in cloud fraction over
much of the remaining continental areas. The increases
in cloud fraction over the continental areas are consis-
tent with the cloud lifetime effect, as the moistening of
the atmosphere and longer cloud lifetime should increase

the cloud coverage for sustained thermodynamic con-
ditions. The decreases in saturation over the oceanic
regions may also be related to sea-salt ACI, since sea-
salt aerosols have been shown to suppress in-cloud su-
persaturation due to their significant ability to uptake
water (e.g., Partanen et al. 2014). A similar pattern oc-
curs for the DCCF although increases in land cloud
coverage compensate the declines over the ocean.
DCCF is slightly different from total cloud fraction as
the cloud fraction from MSKF is a function of the con-
vection strength. Thus, the increases in DCCF are likely
related either to thermodynamic invigoration from aero-
sols or changes in convective state of the atmosphere.
Both gridscale and subgrid-scale cloud-top heights in-
crease due to aerosols by;2.4m and;11.0m on domain
average, respectively (for an average layer thickness of
;500–600m). Increases in subgrid and gridscale cloud-
top heights occur even in regions where cloud fractions
decline, indicating that the clouds are invigorated even
though the cloud coverage is reduced. The only excep-
tions are decreases in cloud-top heights over the oceanic
regions that are consistent with the decline in cloud
fraction from either thermodynamic feedbacks or sea-
salt ACI. The increases in cloud-top heights over a
majority of the domain provides some evidence that the
thermodynamic invigoration effect is occurring, while
other factors such as thermodynamic feedbacks and the
cloud lifetime effect have a stronger impact on cloud
water, cloud ice, and precipitation.

e. Impact of aerosols on radiation

Differences in SWCF and LWCF between the WACI
and LAERO simulations are shown in Fig. 6. SWCF
increases nearly everywhere in the domain with a do-
main average increase of ;3.0Wm22. The increase in
SWCF results from a combination of the cloud lifetime
and albedo effects as the higher LWP from the cloud life
effects and the smaller droplet size from the cloud al-
bedo effect result in greater reflectance of the clouds.
There are some decreases in SWCF that occur over the
oceanic areas, likely associated with the reduction in
cloud fraction. The impact on LWCF is more complex
with a domain average reduction of ;0.2Wm22. The
largest reductions occur in the southern plains and the
marine portions of the domain, with the spatial pattern
mirroring the changes in both cloud fraction and IWP.

6. Sensitivity of aerosol indirect effects to
autoconversion schemes

The autoconversion parameterization in cloud mi-
crophysical schemes represents a large source of un-
certainty for simulating ACI (e.g., Penner et al. 2006;
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Tonttila et al. 2015; Xie and Liu 2015; White et al. 2017).
To further explore this uncertainty, additional WACI
and LAERO seasonal simulations are conducted by
implementing the autoconversion parameterization of
LD04 into both MDM and MSKF as a second option to
choose from. These simulations are hereafter referred to
as WACI-LD04 and LAERO-LD04. The difference in
subgrid-scale, gridscale, and total LWP, IWP, and pre-
cipitation between the WACI-LD04 and LAERO-LD04
simulations is shown in Fig. 7.
The LD04 parameterization requires a cloud droplet

radius to reach a threshold value of 15mm before the
autoconversion process begins. This differs from the
empirically derivedKhairoutdinov andKogan (2000) and
Kogan (2013) (KK0013) parameterizations that essen-
tially allow autoconversion to begin once cloud water has
formed. Therefore, the autoconversion process in the
WACI-LD04 and LAER-LD04 simulations is essentially
slower than the WACI and LAERO simulations. The
slower autoconversion process in the LD04 simula-
tions has a substantial impact on the cloud lifetime effect
as the domain average subgrid-scale LWP is enhanced
by 8.96 gm22 between the WACI-LD04 and LAERO-
LD04 simulations (Fig. 7a), which is more than double

the subgrid-scale LWP enhancement between theWACI
and LAERO simulations (Fig. 4a). The impact of nu-
merical perturbations on gridscale LWP is even larger in
the LD04 simulations compared to the KK0013 simula-
tions. The smaller gridscale cloud lifetime effect in the
LD04 simulations are driven by reductions in gridscale
LWP. The substantial increase in subgrid-scale LWP and
the reduced gridscale LWP likely indicates that one of the
major feedbacks driving the noisy impact of the gridscale
clouds is competition for available moisture between
both the gridscale and subgrid-scale parameterizations
(i.e., moremoisture retained by the subgrid clouds means
less is available for the gridscale clouds). Overall, the
impact of aerosols on total LWP in the LD04 simulations
(Fig. 7a) is much larger than that in the impact in the
KK0013 simulations (Fig. 4a), especially in the Southeast
and Maine.
Differences in IWP between the WACI-LD04 and

LAERO-LD04 simulations (Fig. 7b) are qualitatively
similar to those between the WACI and LAERO sim-
ulations (Fig. 4b). The domain average enhancement
of subgrid-scale IWP also more than doubles in the
LD04 simulations to;0.24gm22. This confirms to some
extent that the subgrid-scale IWP increases are directly

FIG. 5. Differences in deep convective cloud fraction, total cloud fraction, and subgrid-scale and gridscale cloud-top height between the
WACI and LAERO simulations.
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related to the Bergeron–Findeisen parameterization in
SZ11, mentioned in section 5b. The LD04 gridscale
IWP differences contain a similar noisy pattern as
the KK0013 simulations, however, one feature of
the LD04 simulations is that gridscale IWP is gener-
ally more enhanced in the eastern United States and

reduced in the Great Plains due to aerosols. Overall,
gridscale IWP is reduced to a lesser extent and
subgrid-scale IWP is enhanced to a greater extent
in the LD04 simulations resulting in an average
increase in total IWP from aerosols using the LD04
parameterization.

FIG. 6. Differences in shortwave cloud forcing and longwave cloud forcing between the WACI and LAERO simulations.

FIG. 7. JJA-averaged differences in (a) LWP, (b) IWP, and (c) precipitation between the WACI-LD04 and LAERO-LD04 simulations.
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Differences in precipitation between the WACI-
LD04 and LAERO-LD04 simulations (Fig. 7c) are
also qualitatively similar to the differences between the
WACI and LAERO simulations (Fig. 4c). In the LD04
simulations, subgrid-scale precipitation is significantly
and more consistently reduced over the continental
portions of the domain with a domain average reduction
of ;48.2 mm. This is significantly larger than the
;17.6mm domain average reduction in the KK0013
simulations. The noisy patterns and domain mean re-
ductions in gridscale precipitation are similar in both the
LD04 (;4.5mm) and KK0013 (;5.0mm) simulations,
as a result, the dramatic decrease in subgrid-scale pre-
cipitation dominates the total precipitation change in
the LD04 simulations, especially in the Southeast.
The LD04 sensitivity experiments indicate that the

choice of autoconversion scheme has much more sig-
nificant impact on subgrid-scale ACI compared to
gridscale ACI. This is consistent with the findings from
section 5 that showed a stronger sensitivity of subgrid-
scale clouds to aerosol loadings. The LD04 parameter-
ization largely amplifies the impact of ACI due to
having a more stringent requirement for when the
autoconversion process is triggered. Generally, it
would appear that for this JJA 2006 case the choice of
autoconversion parameterization can result in sizable
differences in magnitude of ACI, but the overall ACI
patterns and conclusions remain the same.

7. Summary and conclusions

In this work the WRF 3.8.1 model has been further
developed to include a computationally efficient physics
package for simulating aerosol–cloud interactions
(WRF-ACI). The WRF-ACI system includes 1) the
implementation of a subgrid-scale microphysics pa-
rameterization into the MSKF cumulus parameteriza-
tion, 2) the incorporation of aerosol activation and ice
nucleation parameterizations into the gridscale micro-
physics (MDM) scheme consistent with that in the
MSKF scheme, 3) coupling of the MSKF and MDM
microphysics to the RRTMG radiation scheme to simu-
late aerosol indirect effects, and 4) a spatially and tem-
porally varying aerosol climatology from CESM-NCSU
with bias correction to facilitate aerosol–cloud–radiation
interactions.
Results indicate that introducing ACI to the WRF

Model impacts nearly all cloud and radiation related
parameters. The WRF-ACI system has improved LWP
and IWP performance in terms of MB and RMSE
compared to the default WRF Model, but has similar
or slightly degraded performance in SWCF, LWCF,
SWDOWN, OLR, and precipitation. The R values of all

evaluated parameters either remain similar or improve
compared to the default WRF Model, except for LWP.
This may indicate that the spatially and temporally
varying aerosols within theWRF-ACI treatment lead to
improvements in simulated spatial patterns, however,
these improvements may not be statistically significant.
Also, the overall simulated impact of aerosols on radi-
ation, clouds, and precipitation using the new ACI ca-
pabilities is strongly modulated by the details of the
subgrid-scale microphysics scheme, and perhaps to a lesser
extent by the hosting subgrid-scale convection scheme.
Further, it is worthy to note that underpredictions in cloud
radiative forcing result from general deficiencies in cloud
microphysics parameterizations used inmany regional and
global models that have issues simulating cloud heights,
thickness, and cloud liquid and ice water paths. Precipita-
tion biases exist in both model configurations due poten-
tially to biases in the NAM reanalysis moisture fields
and the inability of the model to accurately represent the
processes for convection.
We found that the first version of the WRF-ACI

model can be used to study the impacts of aerosol
loading levels. Comparisons between the WACI (with
current climate aerosol loading) and LAERO (with
90% reduction in aerosol loading) simulations show a
strong cloud lifetime effect from ambient aerosols in the
central and eastern United States that increase JJA 2006
average LWP by ;5.3 gm22 and decrease cumulative
precipitation by ;22.6mm on domain average. In-
creases in cloud-top heights and DCCF over most of the
domain indicate a thermodynamic invigoration effect,
but the impact of this effect on precipitation is over-
whelmed by the cloud lifetime effect. The combined
cloud lifetime effect and cloud albedo effect increase
JJA average SWCF over the central and eastern United
States by ;3.0Wm22, while LWCF declines by
;0.2Wm22 resulting largely from thermodynamic
feedback driven changes in cloud coverage and IWP.
The WACI-LD04 and LAERO-LD04 simulations

reveal that the magnitude of ACI, especially in the
subgrid-scale clouds can be significantly impacted
by the choice of autoconversion parameterization. The
enhanced ACI in the LD04 simulations likely indi-
cates that the threshold value for the triggering
autoconversion has a significant impact on ACI, where
the more stringent the threshold the greater the impact
of ACI. Despite the large differences in magnitude, for
the JJA 2006 case investigated in this study, it does not
appear that the choice of autoconversion parameteri-
zation has a substantial impact on the conclusion of the
WRF-ACI experiments, since the spatial patterns in
ACI between the LD04 and KK0013 simulations were
qualitatively similar.

MAY 2019 GLOTFELTY ET AL . 1507



In the WRF-ACI system experiments conducted here
aerosols have a strong impact on subgrid-scale clouds,
while gridscale cloud parameters are impacted more by
thermodynamic feedback and perturbations at 12-km
grid spacing. The muted impact of ACI on gridscale
clouds shown in this study does not necessarily suggest
that gridscale clouds have weaker ACI compared to
subgrid-scale clouds. Rather, the findings of this study
suggest that gridscale ACI can become overwhelmed by
the competition between the gridscale and subgrid-scale
parameterizations at 12-km grid spacing. The way ACI
is treated between the subgrid-scale clouds and gridscale
clouds and some of the degraded model performance
issues indicated a need for further improvements to the
WRF as well as the WRF-ACI system. One such im-
provement can be made by providing the same state of
the atmosphere to the gridscale microphysics the same
way as for the rest of the physical processes. Thus, such
model configuration factors (that are difficult to change)
can be attributed to some degradation in model per-
formance of the WRF-ACI system simulations. This
research represents a first step toward a realistic repre-
sentation of subgrid-scale microphysics processes and
ACI across scales that can be refined as new science
emerges. The WRF-ACI system also allows for the
study of the scale dependence of ACI, which will be
presented in a subsequent publication by using different
grid spacing ranging from 36 to 1kmwithin the gray zone.
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