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ABSTRACT

A continental cloud complex, consisting of shallow cumuli, a deep convective cloud (DCC), and stratus, is
simulated by a cloud-resolving Weather Research and Forecasting Model to investigate the aerosol micro-
physical effect (AME) and aerosol radiative effect (ARE) on the various cloud regimes and their transitions
during the Department of Energy Routine Atmospheric Radiation Measurement Aerial Facility Clouds with
Low Optical Water Depths Optical Radiative Observations (RACORO) campaign. Under an elevated aerosol
loading with AME only, a reduced cloudiness for the shallow cumuli and stratus resulted from more droplet
evaporation competing with suppressed precipitation, but an enhanced cloudiness for the DCC is attributed to
more condensation. With the inclusion of ARE, the shallow cumuli are suppressed owing to the thermodynamic
effects of light-absorbing aerosols. The responses of DCC and stratus to aerosols are monotonic with AME only
but nonmonotonic with both AME and ARE. The DCC is invigorated because of favorable convection and
moisture conditions at night induced by daytime ARE, via the so-called aerosol-enhanced conditional instability
mechanism. The results reveal that the overall aerosol effects on the cloud complex are distinct from the in-
dividual cloud types, highlighting that the aerosol-cloud interactions for diverse cloud regimes and their
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transitions need to be evaluated to assess the regional and global climatic impacts.

1. Introduction

By acting as cloud condensation nuclei (CCN) and ice
nuclei, atmospheric aerosols affect cloud and precipi-
tation processes, referred to as the aerosol microphysical
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effect (AME) (Twomey 1977, Zhang et al. 2007
DeMott et al. 2011; Tao and Matsui 2015). Aerosols
also alter the earth radiative budget by scattering
and absorbing shortwave and longwave radiation
(Charlson and Pilat 1969; Coakley et al. 1983; Peng
et al. 2016), referred to as the aerosol direct effect,
which in turn modifies the atmospheric temperature
structure and cloud lifetime (Hansen et al. 1997
Ackerman et al. 2000; Wang et al. 2013b), referred to
as the aerosol semidirect effect. The aerosol direct
and semidirect effects commonly are considered to-
gether as the aerosol radiative effects (ARE). Cur-
rently, the understanding of the aerosol effects
on weather and climate remain uncertain, since
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representation of the aerosol and cloud processes, par-
ticularly the subgrid cloud dynamics and feedback, by
atmospheric numerical models is still difficult, leading to
the largest uncertainty in climate projections (IPCC
2013; Wu et al. 2016).

The responses of clouds and precipitation to var-
iable aerosol loadings are complicated, depending
on the aerosol properties, cloud systems, and envi-
ronmental conditions (Yuan et al. 2008; Khain 2009;
Lee et al. 2009; Li et al. 2011). Several previous
studies (Khain et al. 2005; Seifert and Beheng 2006;
Tao et al. 2007; Khain et al. 2008; Lee et al. 2010;
Storer et al. 2010; Li et al. 2011; Small et al. 2011)
have indicated that aerosol-cloud interactions differ
among cloud types and regimes. For example, shal-
low cumulus and marine stratocumulus have been
demonstrated to be sensitive to AME (Kaufman
et al. 2005; Matsui et al. 2006; Xue et al. 2008; Kogan
et al. 2012; Yang et al. 2012; Werner et al. 2014),
since an increased aerosol concentration leads to a
smaller effective droplet radius, a higher droplet
concentration, lesser precipitation, a higher cloud
liquid water, longer-lived clouds, and a larger cloud
fraction. However, a number of other studies of
shallow cumulus have indicated that the cloud frac-
tion and lifetime are not necessarily enhanced under
more polluted conditions (Wang et al. 2003; Jiang
and Feingold 2006; Lin et al. 2006; Small et al. 2009;
Seigel 2014; Saleeby et al. 2015). Deep convective
clouds (DCCs) are also affected by AME. For
example, a higher aerosol loading leads to a sup-
pressed warm rain process but enhanced mixed-
phased processes (Andreae et al. 2004; Khain et al.
2005; van den Heever et al. 2006; Li et al. 2008b). The
modifications on DCC microphysical processes by
aerosols are attributed to the enhancements of liquid
water mass loading and additional latent heat re-
leased, leading to invigorated convection (Li et al.
2008a; Li et al. 2008b; Tao et al. 2012), or to an in-
creasing amount of long-lasting small ice particles in
stratiform/anvils, as recently suggested by Fan et al.
(2013). Conflicting results have been reported for
the aerosol impacts on precipitation in different
deep convective systems (Khain et al. 2005; Tao et al.
2007; Wang et al. 2011; Lee and Feingold 2013), and
those previous studies have demonstrated that the
correlation between AME and aerosols is highly
variable, dependent on the scale and types of clouds
and meteorological environments (Tao et al. 2007,
Khain et al. 2008; Jiang et al. 2011).

Progress has also been made to elucidate the
aerosol-cloud-radiation feedback on regional and
global scales (Tie et al. 2003). Several studies have
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revealed that a reduced cloud cover, lowered cloud
optical thickness, or a short cloud lifetime occurs for
low- and midlevel clouds with absorbing aerosols
(Johnson et al. 2004; Zhang et al. 2008; Allen and
Sherwood 2010; Sakaeda et al. 2011; Li et al. 2013).
Fan et al. (2008) have shown that ARE induces a
decrease in relative humidity, resulting in a de-
creased cloud cover and optical depth and sup-
pressed precipitation for a daytime DCC. A study of
ARE on sea breezes by Grant and van den Heever
(2014) has shown that aerosols suppress the pre-
cipitation due to reducing downwelling shortwave
radiation and surface latent heat fluxes. The aerosol
semidirect effect is dependent on the locations of an
aerosol layer relative to the clouds and underlying
surface (Lindeman et al. 2011; Wang et al. 2013b).
For the case that aerosols lay above a cloud layer,
particularly for marine stratocumulus cloud decks
over the regions off the western coasts of continents,
the diabatic heating due to aerosol absorption
strengthens the inversion and reduces the entrain-
ment rate, causing an enhancement of stratocumulus
clouds (Wilcox 2010; Sakaeda et al. 2011; Li et al.
2013; Yamaguchi et al. 2015).

Realistic simulations of the various cloud systems
are crucial to reduce the uncertainty in quantitative
assessment of the aerosol effects on climate (IPCC
2013). Although the previous studies have examined
the aerosol effects on isolated continental DCCs
(Fan et al. 2007a, 2008; Li et al. 2008b), the conti-
nental cloud system consisting of various boundary
layer cloud regions has not been properly repre-
sented in current atmospheric models because of
poorly parameterized small-scale turbulence and
convection (Zhang et al. 2005; Vogelmann et al. 2012;
Wood 2012). To evaluate the properties of such
continental boundary layer clouds and their associ-
ation with aerosols, a field campaign, Routine ARM
Aerial Facility (AAF) Clouds with Low Optical
Water Depths (CLOWD) Optical Radiative Obser-
vations (RACORO) organized by DOE has been
conducted at the ARM Southern Great Plains (SGP)
site (Vogelmann et al. 2012). The five-month cam-
paign provides a first extended-term airborne and
ground-based cloud and aerosol information for
various continental boundary layer clouds. The
RACORO campaign has already been examined by
some parameterization studies (Lu et al. 2013).
However, detailed studies on AME and ARE from
the RACORO continental cloud systems are still
lacking. In addition, most of the previous studies
have focused on either AME or ARE (Johnson et al.
2004; Lee and Feingold 2013), and only a few studies
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(e.g., Fan et al. 2008; Shi et al. 2014; Jiang and
Feingold 2006) have been specifically designed to
simultaneously examine the overall aerosol effects
at the cloud-resolving scale, including aerosol direct,
semidirect, and indirect effects, particularly for the
continental boundary layer clouds. Shi et al. (2014)
have simultaneously tested AME and ARE on con-
tinental convective clouds over West Africa and
found that ARE dominantly modulates the dynamics
of convective clouds. Moreover, the recent IPCC
report (IPCC 2013) and other previous studies (e.g.,
Lietal. 2011; Fan et al. 2013) have indicated that the
investigation of long-term aerosol net effects on
different cloud types are critical because the aerosol
effects are likely different for the different cloud
regimes.

In this paper, we present a systematic modeling
study of the aerosol impacts on a continental cloud
complex during the RACORO field campaign, in
which three different sequentially appearing conti-
nental cloud regimes are identified. Simulations using
the WRF Model are performed and compared with
the RACORO field measurements. Sensitivity studies
with and without ARE are conducted to examine the
responses of clouds and precipitation to aerosol
loadings and thus provide a comprehensive view on
the interactions between aerosols and continental
clouds. In particular, the aerosol net effects on the
cloud complex are evaluated to assess the overall re-
sponse of the various cloud regimes. Although the
selected case in our study is limited in representation
of the various cloud systems over a long period, this
modeling work separately evaluates both aerosol mi-
crophysics and radiative effects on the evolution of a
cloud complex with three important cloud regimes.
Our results provide insights into the role of aerosols in
the development of a complicated cloud system, in-
cluding the net aerosol effects.

2. Experiment setup
a. Case description

The evolving continental cloud complex over the SGP
region spanned from 25 to 27 May 2009, including
shallow cumuli, a DCC, and 1-day persisting stratus. On
25 May, the shallow cumuli formed by weak and isolated
convection and lasted for a few hours (0900-1800 LST)
with small-scale drizzle precipitation at the dissipation
stage. From 1700 LST 25 May to 0900 LST 27 May, a
large-scale cold front passed across the SGP region,
stretching from the low pressure center in South Dakota
to the southwest end in the Texas Panhandle (see Fig. S1
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in the online supplementary material). A strong pre-
frontal convective line passed the ARM site observa-
tional area in the early morning of 26 May (from 0000 to
0600 LST) associated with the formation of DCC, which
caused intensive precipitation. During and after the cold
front passage at the SGP site, weakly precipitating
stratus developed at 2100 LST 26 May and persisted
throughout 27 May, with relatively thick cloud physical
and optical depths.

b. Model configuration

A Weather Research and Forecasting Model, version
3.1.1, with an aerosol-aware two-moment bulk micro-
physics scheme developed by Li et al. (2008b) at Texas
A&M University (TAMU-WREF) is employed in this
study. TAMU-WRF has been successfully used for
investigations of AME on cloud, precipitation, or
lightning activities in isolated convective storms and
mesoscale convective systems (Li et al. 2009; Wang et al.
2011, 2013a, 2014a,b). The microphysics scheme has
been described in Li et al. (2008b), in which the number
concentrations of aerosols and cloud droplets are prog-
nostically treated. This prognostic treatment is in con-
trast to the diagnostic feature commonly adopted in
many other two-moment bulk microphysics schemes
(Wang et al. 2011). Aerosols activated to form cloud
droplets are assumed to contain ammonium sulfate only
for AME, since ammonium sulfate represents one of the
abundant aerosol chemical compositions at various
continental locations (Fan et al. 2005; Zhang et al. 2015).
Also, although organics, formed from photochemical
oxidation of biogenic and anthropogenic volatile or-
ganic compounds (Lei et al. 2000; Zhang et al. 2002;
Zhao et al. 2005), constitute the other key ingredient in
aerosols, the aerosol hygroscopicity is dominated by the
inorganic fraction (Guo et al. 2014). Nucleation scav-
enging is the only mechanism to remove aerosols in
our scheme, and aerosol regeneration from droplet
evaporation is not considered. Under favorable wind
conditions, aerosols with a fixed number and mass con-
centration at the lateral boundaries of the outer domain
are transported through advection and convection to
provide an additional aerosol source for the inner do-
main. The heterogeneous ice nucleation and homoge-
neous freezing processes are explicitly parameterized in
this microphysics scheme. The deposition nucleation
parameterization is based on Pruppacher and Klett
(1996), and the immersion-freezing parameterization
follows Bigg (1953). The homogeneous freezing is pa-
rameterized following Milbrandt and Yau (2005). The
Rapid Radiative Transfer Model (RRTM) scheme
(Mlawer et al. 1997) and the Goddard scheme (Chou
and Suarez 1999) are employed as the longwave and
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FIG. 1. Two-way nested configuration of the modeling domains.
Domain 1 (d01) has a size of 900 km X 900 km with a horizontal
grid spacing of 9km, centered at the SGP central facility
(36.5934°N, 97.5113°W). Domain 2 (d02) has a size of 540 km X
540 km with a horizontal grid spacing of 3 km. Domain 3 (d03) has
asize of 228 km X 228 km with a horizontal grid spacing of 0.75 km.
The domain for analysis is denoted by the red dashed square with
asize of 105 km X 105 km. The black triangle denotes the SGP site,
and the red line represents the flight routines of aircraft measure-
ments from 1200 to 1600 LST 27 May.

shortwave radiation parameterizations, respectively.
The YSU scheme (Hong et al. 2006) and the thermal
diffusion scheme are adopted for the planetary bound-
ary layer parameterization and for the land surface, and
no cumulus parameterization is considered. ARE is
separately considered by modifying the Goddard radi-
ation scheme to calculate aerosol optical properties (Fan
et al. 2008). An internal aerosol mixture with a mass
combination of 95% ammonium sulfate and 5% black
carbon is assumed when calculating the aerosol radiative
properties, consistent with observations (Levy et al.
2013) and other model studies (Wang et al. 2014c). More
detailed description about the microphysics scheme and
the modified Goddard scheme is provided in the sup-
plemental material.

The model domain is configured with three two-way
nested grids, as shown in Fig. 1. The outmost domain has a
size of 900 km X 900 km with a horizontal grid spacing of
9km, centered at the SGP central facility (36.5934°N,
97.5113°W). The size and horizontal grid spacings are
540km X 540km and 3km for the second domain and
228 km X 228 km and 0.75 km for the innermost domain,
respectively. Unless stated otherwise, a domain inside the
innermost domain with a size of 105km X 105 km around
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the SGP site is used for analysis throughout this paper
(Fig. 1) in order to minimize the interference from coex-
isting cloud regimes at the same time period and covers
the flight routes during the RACORO campaign. The
vertical coverage is 20 km, consisting of 50 vertical levels
with a stretched vertical resolution, which is finer close to
the ground (about 50m) and coarser aloft (about 400 m
above 14km). North American Regional Reanalysis
(NARR) is used as the initial conditions and lateral
boundary conditions, which are updated every 3 h.
Sensitivity experiments are conducted to evaluate the
aerosol impacts on cloud and precipitation processes.
Three different aerosol scenarios are considered to re-
flect the range of aerosol conditions during the
RACORO field campaign in 2009: a run with a clean
aerosol condition (Clean), a run with the moderate
aerosol level close to the measurements (Mode), and a
run with the polluted condition (Pollu), with the initial
surface aerosol concentrations of 280, 700, and
2800cm ", respectively. As shown in Fig. S2, the initial
aerosol vertical profiles below 2km are constrained by
the airborne Passive Cavity Aerosol Spectrometer
Probe (PCASP) measurements collected on 26 and
27 May 2009 during the RACORO field campaign since
PCASP contains most aerosols responsible for cloud
droplet formation under weak turbulence (Vogelmann
et al. 2012). An approximately exponentially decreasing
dependence is employed to represent the aerosol pro-
files with height above 2km (Fan et al. 2007b; Li et al.
2009). Two simulations for each aerosol scenario are
conducted—that is, with AME only and with both
aerosol microphysics and aerosol radiative effects
(MRE). ARE is evaluated from the differences between
the MRE and AME simulations. Considering that
the underlying microphysics—dynamics—thermodynamics
interactions of the system are nonlinear, the differences
between MRE and AME for the DCC and stratus are
not solely attributable to ARE but also to the cloud—
environment interactions before the DCC or stratus. To
separate ARE from the impacts of development of
preceding clouds on the condition prior to later clouds,
we perform additional simulations with the inclusion of
microphysical (AME) and radiative (ARE) effects only
(defined as MRO), in which ARE is included starting on
the second day (the deep convection regime onward)
and then only on the third day (the stratus regime only).

3. Results and discussion
a. Model evaluation

To validate our model performance, the AME and
MRE simulations conducted for the moderate pollution
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FIG. 2. Comparison of the cloud fraction profiles between observation and simulations:
(a) ARSCL measurements, (b) Mode_ AME run, and (¢) Mode_MRE run. The shallow cumuli
on 25 May, a deep convective cloud on 26 May, and a stratus on 27 May are detected and

simulated.

scenario are compared with the observations from the
RACORO campaign. The comparison between the
ground-based measurements of CCN from the ARM
Aerosol Observing System (AOS) and simulations shows
that our simulations generally capture the temporal vari-
ation of the observed CCN (Fig. S7d). The observed cloud
fraction is obtained from the ARM Active Remotely-
Sensed Cloud Locations (ARSCL) Value-Added product.
The cloud fraction from the simulations is defined as the
percentage of the grids with a total hydrometeor water
mass mixing ratio greater than 10 %kgkg ™' within a re-
gion of 10km X 10km centered at the SGP site. Figure 2
and Fig. S7a depict the temporal evolutions of the ob-
served and simulated cloud fraction during 25-27 May,
showing that both the AME and MRE runs reproduce the
major characteristics of the different clouds and the tran-
sition of the cloud types in terms of the cloud onset time,
duration, and size, although the modeled stratus is rather
discontinuous. Figure S7a also shows that the simulated
cloud fraction is underestimated for shallow cumuli, and
the simulated stratus dissipates earlier than that of the

observation. The simulated maximum radar reflectivity
in a vertical column is compared with the radar measure-
ments for the precipitation peak time period (Fig. S5),
showing that the northwest-southeast-orientated distri-
bution is captured in the simulations while the cold front
passes across the SGP region.

The LWP measured by the microwave radiometer
(MWR) with a uncertainty of 20-30gm 2 over various
atmospheric conditions (Turner et al. 2007) and the pre-
cipitation rate estimated by Arkansas—-Red Basin River
Forecast Center (ABRFC) are also used for model evalu-
ation. The simulations reproduce the temporal variations of
the LWP and precipitation rate from the observations
(Figs. S7b and S7c). Figure S7b also shows that the modeled
LWP for the stratus is on average one-fourth of the ob-
served value, and Fig. S7c shows that the maximal pre-
cipitation rates from the simulations are one-half of the
observed value.

The liquid water content (LWC), cloud droplet effec-
tive radius, and droplet number concentration are mea-
sured by the Cloud and Aerosol Spectrometer (CAS)
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FIG. 3. Temporal evolutions of the mass mixing ratio of hydrometeors for (a) shallow cumuli, (b) stratus, and
(c) DCC under three aerosol cases: Clean_AME (blue), Mode_ AME (green), and Pollu_ AME (red). For shallow
cumuli and stratus, only cloud Q. and rainwater Q, are presented. In addition to cloud and rainwater, ice crystal Q;,

graupel Q,, and snow Q; are also shown for DCC.

for a drop size distribution of 2-50 um during the air-
craft flight from 1200 to 1600 LST 27 May 2009. The
corresponding cloud quantities from the simulations
are averaged over the time period of the aircraft flights
and over all the cloud grids in the domain. A scaling
factor is used to obtain the simulated cloud droplet
effective radius from the volume mean radius since the
cloud droplet effective radius is proportional to the
volume mean radius according to Liu and Daum
(2002). The domain means of the simulated LWC,
cloud droplet effective radius, and number concentra-
tion exhibit similar vertical variations with the obser-
vations but the cloud droplet number concentration is
about one-third of the corresponding airborne

measured value (Fig. S6). The discrepancy in the cloud
droplet number concentrations between model and
observation may be explained because of inefficient
transport of aerosols into the cloud layer by the model.

Additional simulations are conducted to examine the
influence of the horizontal grid spacing in resolving the
boundary layer clouds by nesting down the current
horizontal grid spacing (750 m) to the large-eddy simu-
lation (LES) scale (150 m). The simulations using both
resolutions yield similar aerosol-cloud interactions
(Fig. S4). In addition, the droplet nucleation rate based
on an explicit supersaturation in our microphysical
scheme produces a similar vertical varying pattern as the
one with a parameterized turbulence (Ghan et al. 1997,
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FI1G. 4. Population mean of the cloud microphysical properties (cloud water mass mixing ratio Q,; cloud droplet number concentration
N,; cloud droplet effective radius re.; rainwater mass mixing ratio Q,; raindrop number concentration N,; raindrop effective radius re,; ice
water mass mixing ratio Q;; ice crystal number concentration N;; ice crystal effective radius re; graupel water mass mixing ratio Q,; graupel
number concentration N,; graupel effective radius re,, snow water mass mixing ratio Qy; snow number concentration N; snow effective
radius re,) under the Clean, Mode, and Pollu aerosol scenarios for the (left)—(right) shallow cumuli, DCC, and stratus. The black and red
lines are for the AME and MRE runs, respectively. The vertical lines denote the error bars (one standard deviation), which are estimated
from three ensembles conducted with small perturbations in initial temperature condition.

Abdul-Razzak et al. 1998) (Fig. S3), as discussed in the number concentration, and effective radius of the five
supplemental material. types of hydrometeors (i.e., cloud droplet, raindrop, ice
crystal, snow, and graupel). These quantities are pop-
ulation means over all the selected cloudy grids (i.e.,

Figures 3 and 4 show the simulated cloud micro- with a mass content greater than 10 °kgkg™') in
physical quantities, including the mass mixing ratio, the selected domain and averaged vertically and/or

b. Cloud microphysics response to aerosol
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temporally, similarly to Fan et al. (2007b). The time
periods used for the population means in Fig. 4 are 0900—
1800 CST 25 May 2009 for shallow cumuli, 0000-0900
CST 26 May 2009 for the DCC, and 2100 CST 26 May—
1800 CST 27 May 2009 for the stratus. (The error bars in
Figs. 4 and 6-8 represent one standard deviation, which
is estimated from the means of three ensemble runs.)
The ensembles are conducted with small perturbations
in the initial temperature condition. Additionally, the
statistical significance is evaluated for the differences
induced by AME and ARE using the Student’s ¢ test.
For example, to determine whether the mean of a
quantity of the Pollu_AME run is statistically different
from that of the Clean_AME run, a ¢ test for the three
ensemble means from the Clean_ AME run and the
Pollu_ AME run is performed at a significance level of
5%. Unless stated otherwise, all the enhancements or
reductions due to AME and ARE reported here are
statistically significant with a confidence level of 95%.
Figures 3a and 4 show the responses of cloud droplets
and raindrops to aerosols for the shallow cumuli. With
AME only, the cloud droplets and raindrops exhibit
monotonic changes with varying aerosol amounts. For
example, the cloud water mass and droplet number in-
crease by 47% and 500%, respectively, from the Clean
to Pollu run. In contrast, the rainwater mass and rain-
drop number decrease by 17% and 58%, respectively.
More efficient condensation of water vapor on activated
aerosols is partially responsible for the larger cloud
water mass at the higher aerosol level, since the con-
densation rate of water vapor depends on the cloud
droplets number (Li et al. 2008b). Because of smaller
cloud droplets under the polluted condition, the con-
version from cloud droplets to raindrops via the
collision—coalescence process is efficiently inhibited, as
reflected by the lower number of raindrops in the Pollu
run (Fig. 4). Once formed, raindrops grow more effi-
ciently in the polluted environment because there is
more cloud water to collect, explaining why the Pollu run
produces a larger mean effective radius of raindrops
(371 pwm) than that by the Clean run (333 wm). The more
efficient growth of raindrops under more polluted condi-
tion is consistent with the previous studies (Saleeby et al.
2010). AME-induced changes for the shallow cumuli are
statistically significant with a confidence level of 95%. For
MRE runs with ARE, it is evident that at a given aerosol
level both the cloud water mass and rainwater mass are
reduced relative to AME simulations, implying sup-
pressed shallow cumuli by ARE. The ARE-induced
suppression of the shallow cumuli is statistically signifi-
cant at 95% under the polluted condition (Pollu runs).
Figure 3c and Fig. 4 (the middle three columns) ex-
hibit the dependence of DCC microphysics on aerosol
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loadings. With AME only, the raindrop mass mixing
ratio of the DCC is insensitive to the aerosol concen-
tration, distinct from the shallow cumuli. In our micro-
physics scheme, graupel below the freezing level are
assumed to be completely melted (Li et al. 2008b),
producing additional rainwater to compensate the loss
due to the inhibited collision—coalescence process in the
polluted DCC. The time series in Fig. 3c shows that the
amount of ice-phase hydrometeors (i.e., ice, snow, and
graupel) decreases initially but later increases with
aerosol amount, suggesting a delay and a temporal shift
in the ice-phase processes due to AME. This temporal
shift explains the overall weak dependence of ice par-
ticles on aerosols shown in Fig. 4. The fact that ice par-
ticles are insensitive to aerosols for DCC in our study is
different from the previous studies, which show in-
vigorated mixed-phase processes in polluted DCCs as-
sociated with enhanced lightning activities—that is,
more aerosols lead to higher levels of ice particles
(Williams et al. 1991; Nesbitt et al. 2000; Orville et al.
2001; Bond et al. 2002; Li et al. 2009; Tao et al. 2012).
The minimal ice production in most polluted DCC
suggests an inefficient ice nucleation. Immersion freez-
ing is suppressed under the polluted condition, since
immersion freezing is a function of the droplet size,
which is smaller at a higher aerosol level (Pruppacher
and Klett 1996). The inhibited ice nucleation leads to
less formation of snow particles. One important mech-
anism to produce graupel is freezing of rain drops that
are delivered to high altitudes (Li et al. 2008b), as is
demonstrated by the trends of graupel mass, number,
and effective radius, which are similar to the corre-
sponding rain trends in the DCC regime (Fig. 4). The
amount of hydrometeors is enhanced with ARE (see
MRE runs in Figs. 3c and 4), suggesting an invigoration
of the DCC by ARE. For example, the graupel mass is
enhanced by 28% on average in MRE runs relative to
AME runs.

Figures 3b and 4 (the fourth column) indicate that the
microphysical response of cloud droplets in the stratus is
similar to those of the shallow cumuli and the DCC.
There is a monotonic decrease for raindrop mass and
number in AME runs but a nonmonotonic trend in
MRE runs, suggesting that ARE has noticeable influ-
ence on stratus rainwater.

c. Cloud macrophysics and precipitation response to
aerosol

Figures 5 and 6 display the dependences of cloud
macrophysics on initial aerosol concentrations for the
different cloud regimes. In AME runs, an increase in
aerosol loading leads to a reduced domain-averaged
cloud fraction of the shallow cumuli and stratus but an



SEPTEMBER 2016 LIN ET AL. 3689

(@) CF  shallow cumuli DCC stratus
10
8 1
6 r 4
o< Al
£ of ]
w 0
O 10
g1 ]
6 ]
41 AN
% ;\ — /, T T
6 12 18 0 6 12 0 6 12 18
(b)LwpP
400 1200 I AMé = |
300 1 900} T VodeAME 300 ]
~ 200} 1 800" — Pollu_AME
= : _ _
100 300
2 9 0
% 400 led Pollu_MRE
= 300 { 900 .7 PollMRO
200 | _~a A ] 600 1
10 /7 T\ 800
0 z 0

6 12 18 0
(c) Rain rate

0.04 1.2
0.037 1097 1 7

T‘.E 0.02 1 . 1 067 1 1

E 0017 ! Nl 037 1 7

£ 000 0.0

o 0.04 1.2 .

T 0.03F 109 /A 1

(= L\

E 0.02 1 067 : N N 1 1
0.01 | o . 03+ ; 9 ]
0.00 L~ =7 ~ 0.0 e

6 12 18 0 6 12 0 6 12 18
Hour of day Hour of day Hour of day

FIG. 5. Temporal evolutions of (a) the cloud fraction, (b) LWP, and (c) precipitation rate for the three cloud regimes under different
aerosol conditions. Columns are for (left) shallow cumuli, (center) DCC, and (right) stratus. For each parameter, shown are (top) results
under different aerosol scenarios without ARE, including Clean_AME (blue), Mode_AME (green), and Pollu_ AME (red) cases, and
(bottom) simulations with and without ARE for polluted conditions, including the case with AME only (Pollu_AME, solid line), the case
with ARE and cloud-environment feedbacks (Pollu_MRE, dashed line), and the case with ARE but without cloud—environment

feedbacks (Pollu_MRO, dotted line).

enhanced cloudiness of the DCC (Figs. 5a and 6a). For
instance, the cloud fractions for the shallow cumuli and
stratus are reduced by 40% and 27 %, respectively, from
the Clean_AME to Pollu_ AME runs. In MRE runs, the
cloud fraction decreases with aerosols with a larger slope

for the shallow cumuli and a smaller slope for the stratus.
For the DCC, the cloudiness shows a nonmonotonic
trend; that is, the cloud fraction decreases from the
Clean to Mode runs but increases from the Mode to
Pollu runs. For a given aerosol concentration, the DCC
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cloud fraction is enhanced by 13% on average in MRE
simulations relative to AME simulations. Also shown in
Figs. 5b and 6b, LWP for the shallow cumuli and DCC
exhibits an increasing trend with increased aerosol in
AME simulations. For example, from the Clean to Pollu
runs, LWP increases by 13% and 35% for the shallow
cumuli and DCC, respectively. LWP for the stratus ap-
pears to be insensitive to aerosol loadings. With ARE,
the LWP trends are altered for all the three cloud
regimes. For example, there is little change for LWP
in MRE runs during the shallow cumuli period as
aerosol increases. For the DCC and stratus, the LWP
responses are nonmonotonic. Similar to the cloud
fraction, LWP for the DCC in MRE runs is enhanced
by 22% ~44% relative to AME runs. The responses of

the domain-averaged precipitation rate to aerosol loading
also depend on the cloud regimes (Figs. 5S¢ and 6¢). The
precipitation is significantly suppressed in the polluted
shallow cumuli with or without ARE. There are mono-
tonic responses in AME runs for the DCC and stratus
clouds but nonmonotonic trends in MRE runs. At a
given aerosol level, the precipitation rate associated
with the DCC in MRE runs is considerably enhanced
(on average by 30%) compared to AME runs.

The suppressed surface precipitation (—36%) from
the Clean to Pollu runs leads to more liquid water,
corresponding to a moderately enhanced LWP (13%).
However, the decrease in precipitation and the increase
in LWP do not result in an enhancement of cloudiness
but lead to a marked reduction in cloud fraction
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(—40%). For the stratus, the precipitation rate is re-
duced by 55%, while the cloud fraction decreases by
26%. These responses are contrary to the expected
second aerosol microphysics effect—that is, aerosol-
induced precipitation suppression causing enhanced
fractional cloudiness (Albrecht 1989). Several previous
studies (e.g., Xue and Feingold 2006; Xue et al. 2008;
Saleeby et al. 2010, 2015) have suggested that the
aerosol effects on droplet evaporation compete with
the effects on precipitation to control warm clouds.
The condensation/evaporation rate in our microphysics
scheme is dependent on droplet population and its mean
size (Li et al. 2008b). When the cloud droplet number
concentration increases with aerosols (Fig. 4), there is a
considerable decrease of the cloud droplet size for the
shallow cumuli and stratus, suggesting more efficient
evaporation of cloud droplets and less efficient conver-
sion to raindrops under polluted conditions. The less
cloudiness under the polluted condition for the shallow
cumuli and stratus indicates that the effect of aerosol-
induced enhancement of droplet evaporation dominates
over the effect of aerosol-induced suppression of
precipitation.

In contrast to the shallow cumuli and stratus, a
monotonic increase of the surface precipitation (34%)
is evident from the Clean to Pollu runs when the DCC
occurs. Note that the mean radius of raindrops in the
DCC considerably increases when increasing aerosols
(Fig. 4). Larger raindrops generated under the polluted
condition have a higher probability of surviving evap-
oration when falling to ground level, producing more
surface precipitation (Lim and Hong 2010). Since there
is a notable increase in LWP (34%) for the polluted
DCC, the reduction in the liquid water due to more
precipitation appears to be compensated by the en-
hanced liquid water by more efficient condensation
growth, as evident by the elevated cloud water mass
under the polluted condition (Fig. 4). More liquid wa-
ter is responsible for a higher cloudiness. The cloud
fraction of the DCC is enhanced by 7% from the Clean
to Pollu runs (in Fig. 6). Since the amount of ice par-
ticles is insensitive to aerosols (Fig. 4), the invigoration
of the DCC in terms of the enhanced LWP and pre-
cipitation (Figs. 5b, 5c, 6b, and 6¢) is mainly explained
by the efficient condensation of cloud water. The ten-
dency of cloudiness to increase with aerosols for the
DCC is in contrast to that for the shallow cumuli, per-
haps because the DCC has a larger cloud size (a larger
cloud fraction of 25%) than the shallow cumuli (a
smaller cloud fraction of 6%), resulting in limited en-
trainment drying with a larger surface-to-volume ratio
(Xue and Feingold 2006). Also, cloud droplets in the
DCC are on average larger than those of the shallow
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cumuli by four microns at a given aerosol level, leading
to less evaporation and more collision-coalescence
growth of droplets in the DCC.

For the comparison between MRE and AME runs
(Figs. 5 and 6), the cloudiness, LWP, and precipitation for
the shallow cumuli are reduced with ARE. These re-
ductions appear to be unrelated to the solar evaporation by
soot-contained aerosols as implied in McFarquhar et al.
(2004), because the mean droplet size is larger in the MRE
than AME runs (Fig. 4). In fact, the weakened cloud mi-
crophysical response to aerosols with ARE (i.e., the
weakened increasing trend of the cloud droplet number
concentration in the MRE runs compared to the AME
runs; Fig. 4) are likely responsible for these reductions
because of the thermodynamics and dynamics effects by
absorbing aerosols (also see discussion in section 3d). For
the DCC and stratus clouds, the variations of the cloud
fraction, LWP, and precipitation with aerosols are mark-
edly modified by ARE, since those responses are mono-
tonic in the AME runs but nonmonotonic in the MRE runs.

Also shown in Figs. 5 and 6, the simulations without
the preceding cloud-environment feedbacks (MRO) is
compared to the MRE and AME runs to estimate the
contribution to the latter cloud changes from ARE on
the DCC and stratus clouds. The comparison of MRE
and MRO to AME indicates that ARE is overestimated
using the contrast between MRE and AME. For ex-
ample, the cloud fraction of DCC is enhanced by 14%
from Pollu_AME to Pollu_MRO, but the cloud fraction
is enhanced by 24% from Pollu_ AME to Pollu_MRE.
An examination of MRO shows that the micro- and
macrophysics of DCC in the MRO run is closer to AME
than to MRE. For the stratus, without the interference
of development of the preceding clouds (Pollu_ MRO),
the polluted stratus cloud is suppressed by ARE (Fig. 5),
similar to that of the shallow cumulus, and the mac-
rophysiccal responses of stratus to aerosols behave
monotonically, similar to the simulations with AME
only (Fig. 6). For MRE, the macrophysical responses of
the stratus are nonmonotonic because the impacts of the
preceding cloud-environment interactions are included.
The nonlinear ARE on the environment through their
impacts on the preceding clouds is larger than those for
the DCC and stratus clouds. Since this study focuses
on the aerosol effects on a continuously evolving system,
the ARE impacts on the preceding cloud—environment
interactions are included when assessing the aerosol
radiative effects on the DCC and stratus clouds.

d. Latent heating and convection strength

The latent heating rates and updraft mass flux are
examined to reveal the aerosol-thermodynamic and
dynamic feedbacks. The vertical profiles of latent
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heating rates as well as the changes in net heating rate
between the MRE and AME runs are shown in Fig. 7.
The net heating rate is decomposed into the heating due
to condensation (or freezing and riming for DCC) and

the cooling due to evaporation (or sublimation and
melting for DCC). All rates are averaged over the do-
main and the corresponding cloud periods. The mean
updraft mass flux shown in Fig. 8 is determined as the
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product of the vertical velocity and air density for all for one standard deviation. A ¢ test performed at a sig-
grids with a nonzero vertical velocity (Morrison 2012). nificance level of 5% indicates that the AME on updraft
The difference of the updraft mass flux between the mass flux for the DCC is statistically significant, and the
MRE and AME runs is also presented. The horizontal ARE on the latent heating and updraft mass flux is
lines in Figs. 7 and 8 represent the error bars calculated statistically significant for the shallow cumuli and DCC.
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For the AME runs in Figs. 7a and 7c, the heating due
to condensation is insensitive to aerosols during the
shallow cumuli and the stratus periods, but the cooling
due to evaporation is intensified with increasing aero-
sols. The stronger cooling at a higher aerosol level in-
dicates that the more efficient evaporation due to the
larger amount of smaller droplets under the polluted
condition leads to reductions in cloudiness of the shal-
low cumulus and stratus clouds. The enhanced cooling
likely causes a stronger downward motion (Xue and
Feingold 2006), further suppressing the two cloud re-
gimes. However, the corresponding updraft mass fluxes
are insensitive to aerosols (Figs. 8a and 8c), perhaps
because of litter changes in the latent heat released. The
response of the heating during the DCC period depends
on the altitude (Fig. 7b); that is, the heating increases
monotonically at low altitudes (below 4 km) but non-
monotonically at high altitudes (above 6 km). The in-
crease in heating at low altitudes suggests more efficient
condensation in the polluted DCC, as reflected by the
higher cloud water mass of the DCC in the Pollu run
(Fig.4). As aresult, the convection for the polluted DCC
is invigorated (Fig. 8b), leading to the increases in
cloudiness, LWP, and precipitation (Fig. 5 and 6).
Above 6km, the increasing trend in mass flux is in-
consistent with the decreasing trend in latent heating,
probably owing to the continuous influence of the in-
vigoration of updrafts in the lower atmosphere (below
4km). Also note that the cold pools exist just below the
DCC (the peaks of the cooling rates in Fig. 7b), corre-
sponding to the evaporative cooling induced by pre-
cipitation. Those cold pools are important for cloud
maintenance (Tao et al. 2007; Grant and van den Heever
2015). For the DCC case, the cold pools are insensitive
to aerosols, suggesting that the aerosol-cold pool in-
teraction is not a key factor controlling the DCC char-
acteristics in this study.

With ARE, the tendency of the cooling to increasing
aerosols for the shallow cumuli is weakened, indicating
less efficient evaporative cooling in the MRE runs. The
microphysical features (Fig. 4) also show that, at a same
aerosol level, droplets in the MRE runs are on average
larger than those of the AME runs, leading to a reduced
surface-to-volume ratio of droplets in the MRE runs and
suppressed evaporation. The heating in the MRE runs
exhibits a weak decreasing trend (Fig. 7d). Correspond-
ingly, the updraft mass flux decreases with aerosols
(Fig. 8d). By contrasting the ARE and AME runs, the
differences in the net heating rate as well as the updraft
mass flux tend to be more negative under the polluted
condition (Figs. 7g and 8g), suggesting that the reduced
latent heat and suppressed updraft by ARE are more
significant at a higher aerosol level. The suppressed
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updraft results in the reduced cloud fraction, smaller
LWP, and less precipitation for the shallow cumuli
(Fig. 6).

The convection of DCC in the MRE runs shows a
nonmonotonic response to aerosols (Fig. 8e), corre-
sponding to the nonmonotonic trend of the latent heating
(Fig. 7e). The nonmonotonic responses of the latent
heating and convection lead to the nonmonotonic re-
sponses of cloudiness, LWP, and precipitation shown in
Fig. 6. In Figs. 7h and 8h, the differences in the net latent
heating rate and updraft mass flux between MRE and
AME runs are positive, representing a stronger convec-
tion in the MRE than AME runs. These positive changes
explain the invigorated DCC—that is, the enhanced
cloudiness, LWP, and precipitation shown in Fig. 6. For
the stratus, the aerosol-induced increase in the cooling
rate competes with the increase in the heating rate, and
both control the updraft responses to aerosols shown in
Figs. 8c and 8f. As aresult, the differences in the net latent
heating rate and updraft mass flux between the MRE and
AME runs are either positive or negative for the different
aerosol levels (Figs. 7i and 8i), resulting in the complexity
of the aerosol-stratus cloud interactions with ARE as
shown in Figs. 4 and 6.

e. Thermodynamic and dynamic effects by ARE

The modifications of the thermodynamic and dynamic
conditions by ARE are examined by contrasting the
polluted MRE and AME runs in terms of the temporal
evolution of the various environmental parameters, in-
cluding the radiative heating rate, temperature, relative
humidity, cloud water content, equivalent potential
temperature, updrafts, and downdrafts as shown in Fig. 9.

As shown in Fig. 9a, the positive changes in the
heating rate by shortwave radiation are observed re-
peatedly from 0600 to1800 LST each day, representing a
significant absorption of solar radiation by soot-
contained aerosols in the MRE runs. The peak value
of the heating rates for the Pollu case with ARE is
29K day ', 0.7K day ' higher than that of the Pollu
case without ARE. During the shallow cumuli period
(i.e., daytime on 25 May), the solar absorption causes
warming in the low troposphere, as reflected by the
positive changes in temperature around 1-3km in
Fig. 9b, and cooling at the surface, as reflected by the
negative changes in temperature near the surface in
Fig. 9b. As a consequence, the atmosphere is stabilized,
evident by the negative changes in the equivalent po-
tential temperature in Fig. 9e. The more unstable at-
mosphere explains the weaker updrafts and downdrafts
during the shallow cumuli period in Figs. 9f and 9g
as well as the smaller updraft mass flux for the
polluted condition in Fig. 8g. The relative humidity is
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considerably reduced (Fig. 9c) because less moisture is
transported to the cloud region owing to the weakened
updraft. As a result, the shallow cumuli are suppressed
by ARE, as reflected by a lower cloudiness and smaller
LWP (Fig. 6) as well as the negative changes in the cloud
water content (Fig. 9d).

The positive changes in the cloud water content during
the DCC period (Fig. 9d) are associated with the en-
hanced atmospheric instability, since the convective
available potential energy (CAPE) prior to the DCC
formation (at 2300 LST 25 May) is 60 J kg~ ' higher in the

1) between the Pollu_MRE and Pollu_AME runs (i.e., MRE — AME).

Pollu_ AME than Pollu MRE runs. Consistently, the
positive changes in the equivalent potential temperature
are shown just before the DCC formation (Fig. 9e),
suggesting a more unstable atmosphere with ARE. The
increased instability as well as the invigorated convection
(Figs. 9f and 9g) in the early morning on 26 May is pos-
sibly triggered by the heating effect of absorbing aerosols
during the daytime of 25 May. Also note that the positive
changes in relative humidity during the DCC period sug-
gest more water vapor transported to the upper tropo-
sphere because of the stronger updrafts (Figs. 9f and 8h).
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As aresult, the cloud microphysical processes in DCC,
such as graupel formation and growth, are strength-
ened by ARE (i.e., from the enhanced graupel mass,
number, and size from the AME to MRE runs in
Fig. 4), leading to the higher LWP and more precipitation
(Fig. 6). The underlying mechanism for the invigorated
DCC in our study is similar to the ‘“‘aerosol-enhanced
conditional instability”” mechanism, which has been
demonstrated by Grant and van den Heever (2014) and
Fan et al. (2015). For example, Fan et al. (2015) has
documented that the daytime convection is suppressed
with increased atmospheric stability by light-absorbing
aerosols, resulting in an excess moist air mass transported
downwind at night and causing stronger convection at the
downwind area as well as more heavy precipitation. The
difference between this study and Fan et al. (2015) is that
the aerosol-enhanced conditional instability occurs at the
downwind area in Fan et al. (2015) but at the source re-
gion in this study.

The interactions between aerosols and the stratus are
complicated because of the ARE impacts on the envi-
ronment feedbacks of the shallow cumuli and DCC.
Under the polluted condition, the increased cloud water
content of the nighttime stratus (from 0000 to 0600 LST
27 May) is explained by the enhanced instability and
invigorated convection (Figs. 9e—g). The daytime stratus
(from 0900 to 1800 LST 27 May) tends to be suppressed
by aerosol heating, as reflected by the negative changes
in the cloud water content and vertical velocities
(Figs. 9d, 9f, and 9g).

f- The overall effects of aerosols on the cloud complex

The overall aerosol effects on the evolving cloud
complex are shown in Fig. 6 in terms of the domain-
averaged cloud fraction, LWP, and rainfall rate aver-
aged over the entire cloud period. It is evident that the
aerosol net effects on the cloud complex are noticeably
different from the aerosol effects on the individual cloud
regimes. For instance, the mean cloud fraction over all
the three cloud regimes slightly decreases from 19%
(19%) to 16% (18%) from the Clean to Pollu runs with
AME (MRE). The overall LWP and rainfall rate in-
crease with aerosols for the AME and MRE runs. These
trends of the evolving cloud complex are distinct from
those of its individual cloud regime, suggesting that the
aerosol effects associated with an individual cloud re-
gime likely offset or compensate with each other via a
buffering effect (van den Heever et al. 2011). The
overall aerosol effects for the 3-day simulation are sta-
tistically significant (i.e., the relatively small error bars in
Fig. 6), in contrast to the weak effects by van den Heever
et al. (2011) with a much longer simulation (40 days)
performed. Since the overall response of the cloud
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properties to aerosols for the evolving cloud complex is
distinct from those of its individual cloud components, it
is necessary to evaluate the long-term response of the
various cloud types when assessing the aerosol direct
and indirect radiative forcings.

4. Summary and conclusions

The aerosol microphysical and radiative effects on an
evolving continental cloud complex occurring from
25 May to 27 May 2009 during the DOE ARM
RACORO field campaign are investigated. The TAMU-
WREF model with a two-moment bulk microphysics by Li
et al. (2008b) and a modified Goddard radiation scheme
by Fan et al. (2008) is employed to investigate the AME
and ARE. The activation of aerosols to CCN is estimated
by assuming a chemical composition of either pure am-
monium sulfate or ammonium sulfate containing a small
fraction (5%) of black carbon when evaluating the
aerosol radiative effect. Two typical boundary layer
clouds (shallow cumuli and 1-day persisting stratus) and a
DCC associated with a prefrontal convective line are
simulated in this cloud complex. Comparison of the cloud
fraction between simulations and measurements shows
that the temporal evolutions of cloud fractions of the
different clouds and the transition of the cloud types at
the SGP central facility are reproduced in the simula-
tions, but the modeled stratus is discontinuous and the
cloud fractions of the shallow cumuli and the stratus are
underestimated. The simulated LWP and precipitation
generally agree temporally with the observations, but the
simulations underestimate the magnitude of LWP for the
stratus and peak value of precipitation for the DCC.

The simulated mass and number concentrations and
effective radii of cloud droplets and raindrops for all the
three cloud regimes exhibit overall monotonic responses
to initial aerosol concentrations with or without ARE. A
higher aerosol level yields more numerous CCNs for
water vapor to condensate but inhibits the conversion of
cloud droplets to raindrops, explaining the enhancement
of cloud droplet nucleation and the suppression of
raindrop formation. The overall change in ice water
content induced by aerosols is insignificant, but the on-
set of ice formation was delayed in AME. The com-
parison of AME and MRE simulations implies that at a
given aerosol level shallow cumuli are suppressed while
the DCC is invigorated with ARE. The microphysical
response of raindrops for the stratus behaves differently
with ARE, suggesting that ARE has significant impacts
on the stratus rainwater. Note that the ARE discussed in
this study for the DCC and stratus clouds also contains
the impacts of the environmental feedbacks through
ARE influences on the preceding cloud regimes.
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The responses of the cloud fraction, LWP, and pre-
cipitation to aerosols depend on the cloud regimes. The
cloud fraction for shallow cumuli and the stratus de-
creases with aerosols due to AME, indicating that the
aerosol-induced suppression of precipitation is domi-
nated by aerosol-induced intensification of droplet
evaporation, as suggested by Xue et al. (2008). For the
DCC, the increases in cloudiness, LWP, and pre-
cipitation with increasing aerosols are due to more ef-
ficient condensation and less efficient evaporation,
corresponding to enhanced latent heating at low altitude
and updraft mass flux. ARE tends to reduce cloudiness
and precipitation associated with shallow cumuli, likely
because of a weakened cloud microphysical response to
the changes in aerosol concentration with ARE. ARE
exhibits a remarkable influence on the trends of cloud
fraction, LWP, and precipitation for the DCC and
stratus clouds, since their responses to aerosol are
monotonic with AME only but nonmonotonic with both
AME and ARE. Because there are less cloudiness and
smaller LWP for the two simulated boundary layer
clouds under the polluted condition, the loss dominates
over generation for the condensate mass. In comparison,
Khain et al. (2008) have found that both the generation
and the loss of the condensate mass can be enhanced in
the polluted condition for warm-cloud-base clouds.

Simulations with and without ARE under the polluted
condition show distinct characteristics of the cloud
micro- and macrophysics, because of the changes in at-
mospheric instability and thermodynamics caused by
ARE. Because of the radiative heating from soot par-
ticles, the convection strength and relative humidity are
both reduced during daytime. Subsequently, cloud
amounts of the shallow cumuli are decreased in ARE.
The increasing atmospheric instability by absorbing
aerosols alters the temperature and moisture conditions
during daytime and further leads to an enhanced at-
mospheric instability and excess moisture at night and a
favorable condition for the nighttime DCC formation,
similar to the ‘“‘aerosol-enhanced conditional instabil-
ity mechanism previously demonstrated by Grant and
van den Heever (2014) and Fan et al. (2015).

The buffering effect of one cloud regime on another
makes the overall aerosol effects of the cloud complex
distinctly different from any of the individual cloud types,
consistent with van den Heever et al. (2011). Hence, the
aerosol—cloud interaction for the diverse cloud regimes
and their transitions throughout the cloud life cycle needs
to be evaluated to assess the overall aerosol direct and
indirect radiative forcings on regional and global climate.
Future statistical study on long-term observations and/or
modeling simulations is also necessary to more accurately
examine the comprehensive aerosol effects on clouds and
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precipitation. Also, case studies associated with various
synoptic setups need to be selected to improve the rep-
resentation of aerosol-cloud interactions and test the
robustness of conclusions drawn from this work.
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