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ABSTRACT

Aerosol—cloud-radiation interactions represent one of the largest uncertainties in the current climate assessment. Much of
the complexity arises from the non-monotonic responses of clouds, precipitation and radiative fluxes to aerosol perturbations
under various meteorological conditions. In this study, an aerosol-aware WRF model is used to investigate the microphysical
and radiative effects of aerosols in three weather systems during the March 2000 Cloud Intensive Observational Period
campaign at the US Southern Great Plains. Three simulated cloud ensembles include a low-pressure deep convective cloud
system, a collection of less-precipitating stratus and shallow cumulus, and a cold frontal passage. The WRF simulations are
evaluated by several ground-based measurements. The microphysical properties of cloud hydrometeors, such as their mass
and number concentrations, generally show monotonic trends as a function of cloud condensation nuclei concentrations.
Aerosol radiative effects do not influence the trends of cloud microphysics, except for the stratus and shallow cumulus cases
where aerosol semi-direct effects are identified. The precipitation changes by aerosols vary with the cloud types and their
evolving stages, with a prominent aerosol invigoration effect and associated enhanced precipitation from the convective
sources. The simulated aerosol direct effect suppresses precipitation in all three cases but does not overturn the aerosol
indirect effect. Cloud fraction exhibits much smaller sensitivity (typically less than 2%) to aerosol perturbations, and the
responses vary with aerosol concentrations and cloud regimes. The surface shortwave radiation shows a monotonic decrease
by increasing aerosols, while the magnitude of the decrease depends on the cloud type.
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1. Introduction

The influence of atmospheric aerosols on the energy bud-
get and hydrological cycle remains one of the least under-
stood aspects in the earth system. Aerosols, from both natural
and anthropogenic sources (Zhang et al., 2004; Levy et al.,
2013), directly scatter and absorb incoming solar radiation,
which alters the vertical atmospheric temperature structure,
surface and top of the atmosphere (TOA) radiation fluxes,
and cloud fraction (Ackerman et al., 2000; Fan et al., 2008).
The large uncertainty in the aerosol direct effect is related
to the particle size, chemical composition, and mixing state
(Khalizov et al., 2009; Zhang et al., 2015; Peng et al., 2016).
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Depending on those complicated factors, aerosols impose
a net positive or negative forcing over different regions.
Presently, the aerosol direct forcing is estimated at a global
mean of —0.27 W m~2 (IPCC, 2007). In addition to the direct
radiative effect, absorbing aerosols have a positive feedback
that reduces cloud coverage; namely, the semi-direct effect
(Hansen et al., 1997; Johnson et al., 2004). The presence of
absorbing aerosols in a given vertical layer decreases the at-
mospheric instability and reduces ambient relative humidity
through diabatic heating of the air. This, in turn, enhances
cloud evaporation and inhibits convection and vertical mix-
ing, thereby hindering cloud formation, reducing radiative
cooling at the TOA, and eventually leading to a positive ra-
diative forcing (Ackerman et al., 2000; Wang et al., 2013a).
By acting as cloud condensation nuclei (CCN) or ice nu-
clei (IN), aerosols affect the micro- and macrophysical prop-
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erties of different types of clouds, impacting their radiation,
dynamics, precipitation, and lifetime. The first indirect ef-
fect is primarily related to the impact of aerosols on the
cloud droplet size and number (Twomey, 1977; Albrecht,
1989; Zhang et al., 2007; Yuan et al., 2008). It has been
widely accepted that through the first indirect effect, higher
concentrations of aerosols lead to higher concentrations of
CCN and cloud droplets. Changing the number and size dis-
tribution of cloud droplets due to aerosols consequently al-
ters the vertical depth and lifetime of clouds as well as pre-
cipitation processes, which is commonly known as the sec-
ond indirect effect (Albrecht, 1989; Pincus and Baker, 1994,
Fan et al., 2007a, 2007b). By changing the size distribu-
tion, the growth of cloud droplets by collision/coalescence
becomes suppressed, which reduces drizzle and prevents the
loss of cloud water content, leading to an increased cloud life-
time (Albrecht, 1989; Rosenfeld, 1999). For certain types
of cloud like trade wind cumulus, the reduced precipitation
results in deeper cloud layers but smaller cover due to the
stronger evaporation (Seifert et al., 2015). Hence, such an
effect buffers the aerosol lifetime effect (Stevens and Fein-
gold, 2009). In mixed-phase clouds, polluted conditions sup-
press warm-cloud processes but enhance convective devel-
opment through the aerosol invigoration effect (Rosenfeld et
al., 2008; Koren et al., 2010; Tao et al., 2012; Wang et al.,
2011; Fan et al., 2012), leading to enhanced cloud electrifi-
cation and lightning activity (Williams et al., 1991; Nesbitt et
al., 2000; Orville et al., 2001). A complication is that since
the cloud particle sizes also increase in a stronger convec-
tion system (Jiang et al., 2011), the aerosol-induced convec-
tive invigoration likely balances the reduction of cloud parti-
cle sizes due to the Twomey effect. The second indirect ef-
fect varies with the cloud type and ambient conditions, such
as relative humidity, vertical wind shear, and convective po-
tential energy (Lee et al., 2008; Tao et al., 2012; Fan et al.,
2016). In cold clouds, aerosols act as IN and increase the
number of ice crystals (Sassen et al., 1995; Strém and Ohls-
son, 1998). Via the Wegener—Bergeron-Findeisen process,
ice crystals grow at the expense of liquid droplets through
vapor deposition (Rogers and Yau, 1989), as well as through
the processes of riming, aggregation, and accretion (Mitchell
et al., 1990). It is still uncertain whether this leads to an en-
hanced greenhouse effect or a reduction of solar radiation by
brighter clouds (Sassen et al., 1995; Lee et al., 2009).

The impact of aerosols on precipitation and cloud macro-
physics is even more complex and diverse, representing the
least understood component of the aerosol effects (Koren et
al., 2012; Rosenfeld et al., 2014; Wang et al., 2014a). Recent
studies suggest that the impact of aerosols on precipitation
depends on the type of clouds and the environmental condi-
tions in which clouds form (Khain, 2009; Li et al., 2011; Lin
et al., 2016). In addition, Li et al. (2008) showed that the
aerosol effect is non-monotonic for convective cloud, i.e., an
initial enhancement at low aerosol concentrations but a sup-
pression at high aerosol concentrations for precipitation, up-
draft speed, and cloud fraction. Tao et al. (2007) also showed
a switch of aerosol effects on convective clouds, from sup-
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pression to enhancement, in different locations.

It is critical to examine the aerosol effects on different
cloud types under various weather systems. Numerous previ-
ous modeling studies have been devoted to understanding the
physical mechanisms of the aerosol effects. However, most
of those studies only dealt with either the aerosol direct or in-
direct effect and focused on a certain cloud type (Wang et al.,
2013a). The present study aims to investigate both aerosol ra-
diative and microphysical effects jointly and individually, and
quantify the overall aerosol effects on different cloud regimes.
Another objective of this modeling study is to explicitly as-
sess the monotonicity in the aerosol-cloud-radiation rela-
tionships. Specifically, this study explores the monotonic-
ity of cloud responses to aerosol variations under different
cloud regimes, which has profound implications for param-
eterizations of aerosol-cloud relationships in global climate
models.

2. Experimental setup

2.1. Model description

In this modeling study, the cloud-resolving Weather Re-
search and Forecast (WRF) model, version 3.1.1, is used. A
two-moment bulk cloud microphysical scheme and a modal
aerosol scheme were implemented (Li et al., 2008; Wang et
al., 2011) to account for the aerosol—cloud-radiation inter-
actions. The two-moment bulk cloud microphysical scheme
includes the mass mixing ratio and number concentration for
five hydrometeor types—cloud droplets, raindrops, ice crys-
tals, snow, and graupel. The size distribution for each of the
five hydrometeors is determined via the gamma function (Li
et al., 2008), and 32 microphysical processes are considered,
including an explicit condensation calculation using supersat-
uration and an autoconversion scheme based on relative dis-
persion (Liu and Daum, 2004). There is no chemistry com-
ponent in our model.

The Goddard radiation scheme was modified (Fan et al.,
2008; Wang et al., 2014b) to include the radiative forcing by
the aerosol direct/semi-direct effects. The aerosol module de-
termines aerosol radiative properties, including optical depth,
asymmetry factor and single scattering albedo, as a function
of wavelength, composition, mixing state, and relative hu-
midity. To enhance the computational efficiency, a lookup
table is developed for the optical properties for all size ranges
once the aerosol radiative properties are determined.

For each model run, three nested two-way domains are
used (Fig. 1a), with spatial resolutions of 18, 6 and 2 km,
and a 12-s temporal resolution. The innermost domain is
roughly 350 km by 350 km, with 50 vertical levels, and cen-
tered at (36.6°N, 97.5°W), covering the same domain as the
US Department of Energy Atmospheric Radiation Measure-
ment (ARM) Southern Great Plains (SGP) site near Ponca
City, Oklahoma. All model data analyzed in this study are
from the innermost 2-km domain with 15-min output inter-
vals. The North American Regional Reanalysis data are used
for the initial and boundary meteorological conditions.
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Fig. 1. (a) The three nested domains (blue boxes) used in the
WRF model in this study. The innermost domain has a spa-
tial resolution of 2 km. The diamond represents the ARM SGP
Central Facility. (b) The three vertical aerosol profiles used in
this study: clean (green); SGP (yellow); polluted (red).

2.2. Aerosol profiles

To study the aerosol direct and indirect effects and to ob-
tain the monotonicity of the cloud responses, three different
aerosol profiles are utilized in this study to represent clean,
moderate and polluted environments, respectively (Fig. 1b).
The two types of anthropogenic aerosols mainly considered
in this study are sulfates and black carbon. The clean cases
use a relatively clean background continental profile with an
initial surface aerosol number concentration of 210 cm™3, as
used by Li et al. (2009) from the Texas Air Quality Study
2000 campaign. The moderate cases, herein referred to as
SGP cases, are based on aerosol measurements taken at the
SGP site during the 2003 Aerosol Intensive Observation Pe-
riod (IOP) campaign. The SGP cases have an initial surface
concentration of 1200 cm™3. The polluted cases have an ini-
tial surface concentration that is 10 times greater than the
SGP profile, at 12000 cm™3, which is a similar magnitude
to the urban case used by Cheng et al. (2007). For all three
profiles, the aerosol concentration is assumed to decrease ex-
ponentially with height above about 5 km (Cheng et al., 2007,
Li et al., 2009). As aerosol mass and number concentrations
are prognostic variables in the model, aerosol vertical mixing
and horizontal advection are explicitly considered. There is
no direct emission of aerosols from the surface, but aerosols
can be advected into the inner domains from the boundaries
under favorable wind conditions. Aerosols are removed by
nucleation scavenging. Internal mixing of 95% sulfate and
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5% black carbon by mass is assumed for studying radiative
effects of light-absorbing aerosols. Such a composition as-
sumption for the calculation of radiation has been justified by
previous field measurements (Levy et al., 2013) and a model-
ing study (Wang et al., 2014b) in the southern United States.
Each aerosol profile will be used for the simulations with the
aerosol direct and indirect effects (DIE) and the simulations
with the aerosol indirect effect only (IEO).

2.3. Case studies

During 1-26 March 2000 the Cloud IOP campaign was
conducted at the ARM SGP site. The goal of the campaign
was to collect three-dimensional cloud properties from ob-
servational data including the standard set of ARM SGP in-
struments, radar and lidar observations, and aircraft measure-
ments, which included a total of 12 flights during the pe-
riod. The cloud data has been divided into six subperiods
(A through F) that contain different synoptic and cloud prop-
erties, and have been extensively studied regarding cloud—
climate feedback in atmospheric general circulation models
(Zhang et al., 2005). For this study, aerosol-cloud interac-
tions will be studied for three of the six subperiods (hereafter
denoted as A, D and E, for convenience).

Case A pertains to clouds to the north of a developing
low-pressure system from 1500 UTC 1 March to 0000 UTC
5 March 2000 (Fig. 2a). About 10 h prior to the start of this
case, a cold front moved through the domain at about 0430
UTC 1 March. Clouds began to move into the domain from
a low-pressure system that formed in the Four Corners re-
gion at around 2000 UTC 1 March. By 2000 UTC 2 March,
the low-pressure system had entered the southwest corner of
the domain, while a thick layer of cloud covered the region.
Between 2 and 3 March, the center of the low moved along
the Oklahoma-Texas border, with cloud development primar-
ily to its north. By 1330 UTC 3 March, the system had left
the region, with the skies mainly clearing up by 1200 UTC 4
March as a high-pressure system kicked in.

Case D pertains to a collection of less-precipitating
clouds, i.e., a series of stratus from 2100 UTC 11 March to
1200 UTC 14 March 2000 (hereafter referred to as Case D1)
and shallow cumulus from 1200 UTC 14 March to 1200 UTC
15 March 2000 (Case D2). Prior to the start of this case, there
was a stationary front to the south draped across central Texas
from the Louisiana—Missouri border across to New Mexico,
with a high-pressure center behind it located centrally over
the domain. During 13 March, a cold front passed to the
north of the domain, which also moved the high-pressure cen-
ter out of the region. During 14 March, a weak low-pressure
system passed through southern Texas, facilitating some shal-
low convection and light precipitation in Oklahoma (Fig. 2b).
To better understand the aerosol effects on different types of
cloud, our analyses will be conducted on the two periods sep-
arately.

Case E pertains to clouds associated with the genesis of a
cold front that moved through the domain from 0900 UTC 15
March to 0000 UTC 20 March 2000 (Fig. 2¢). The cold front
approached from the north-northwest and arrived in the do-
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Fig. 2. Surface pressure and wind maps (left) and satellite images (right) for each of the three cases in this
study: (a) 0300 UTC 3 March 2000 (low-pressure system); (b) 1200 UTC 14 March 2000 (non-precipitating
stratiform); (c) 0300 UTC 16 March 2000 (cold front). Satellite images were taken 15 min before the listed

times.

main at about 0100 UTC 16 March. Satellite imagery shows
convective development directly over the SGP central facil-
ity from 0000 UTC to 0300 UTC. By 1300 UTC the cold
front had moved south into Texas and out of the domain,
whereupon it stalled. Behind the cold front, mainly lower-
level clouds persisted over the domain due to an upper-level
low. On 18 March, another low-pressure system passed to the
south of the domain right long the Oklahoma-Texas border.
The region finally cleared out by about 2000 UTC 19 March.

3. Results and discussion

3.1. Microphysical properties of hydrometeors

Distinct microphysical responses to aerosol initial condi-
tions are shown for all the three cases and vary with the mi-

crophysical parameters of interest and depend on cloud types.
Regardless of whether we look at the heavy-precipitation
cases (Case A and Case E) or the case dominated by less-
precipitating clouds (Case D), our IEO simulations show
that all cloud droplet microphysical properties, including
mass mixing ratio, number concentration and effective ra-
dius, monotonically change with aerosols, indicating a rel-
atively straightforward role played by CCN in determining
the cloud microphysical properties. Regardless of whether or
not the aerosol radiative effect is included, the number con-
centration of cloud droplets increases strictly as a function
of CCN available for water vapor condensation in each case
(Figs. 3a, d, j and 1), and such rates of increase are about the
same as the aerosol elevation rate we impose in the experi-
ment. The cloud droplet mass content also increases mono-
tonically along with the elevation of aerosol concentration,
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Fig. 3. Domain-averaged water mixing ratios of cloud (upper row), rain (middle row), and ice hydrometeors (lower row)
for (a—c) Case A, (d—f) Case D1 (stratus period), (g—i) case D2 (cumulus period), and (j—-1) Case E, with the numbers 1,
2 and 3 representing the clean, SGP, and polluted aerosol profiles, respectively. The black lines indicate the DIE cases

and the blue lines the IEO cases.

except for the stratus clouds in Case D1 when aerosol radia-
tive effects are included (Fig. 3d). A significant reduction in
droplet mass concentration by the aerosol radiative effect is
found in Case D1. Overall, inclusion of aerosol radiative ef-
fects in simulations (DIE cases) has limited influence on the
trend of cloud droplets but shows some impacts on the mag-
nitude, particularly for the less-precipitating-cloud dominant
case (Case D).

To understand the aerosol radiative influence, we show
the air temperature changes under different aerosol conditions
between DIE and IEO in Case D (Fig. 4). With the increase
in the aerosol concentration from the clean to polluted con-
ditions, the variations in air temperature due to aerosol ra-
diative effects become larger. Under the polluted conditions
(Fig. 5c), there is a significant warming in the lower free tro-
posphere from Day 72 to 74. This can further induce a re-
duction in relative humidity and a decrease in cloud content,
as shown in Fig. 3, which is the canonical semi-direct effect.
Meanwhile, the warming in the free troposphere and cool-
ing inside the boundary layer form a temperature inversion
and inhibit convection and vertical mixing. Such a thermo-
dynamic effect also contributes to cloud reduction when the
aerosol radiative effects are considered in DIE. Another inter-
esting phenomenon is that the altitude of the warming center
is elevated from noon throughout the afternoon, indicating
the aerosols are lifted upward along with the heated air par-
cel in the non-precipitating environment.

Both the mass mixing ratio and number concentration of
raindrops exhibit a decreasing trend in response to aerosol
for all three cases (Figs. 3 and 4). This is attributable to the
smaller cloud droplets under polluted conditions, which are
not conducive to collision/coalescence in the production of
raindrops. Figures 6a—c show the cloud droplet effective radii
are reduced at all cloud points within the cloud ensembles in
all three cases from the clean to the polluted conditions. The
size of raindrops is a key factor controlling the precipitation
amount at the surface, but its response to aerosol perturbation
is more complicated than those from raindrop mass and num-
ber concentrations. By only considering the CCN effect in
IEO, the increase in raindrop size is found at most times and
levels in the three cases (Figs. 6d—f); however, some scattered
reductions in raindrop size occur, possibly due to the changes
in ice-phase particle (e.g., snow, graupel) size, as well as con-
vective strength.

Different from cloud droplets and raindrops, ice parti-
cles exhibit some non-monotonic responses in different cloud
regimes, especially for the less-precipitating stratus and cu-
mulus. Relative to the clean profile, the mass mixing ratio
of ice crystals is reduced in the polluted profile by 7% and
40% for Case A and Case E, respectively. The number con-
centration of ice crystals generally increases as aerosol in-
creases (Fig. 4), so their effective radius decreases by varying
degrees. The vertical profiles of the ice particle size change
show most of the radius reductions occur in the upper part
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Fig. 4. Domain-averaged number concentration of cloud (upper row), rain (middle row), and ice hydrometeors (lower
row) for (a—c) Case A, (d—f) Case D1, (g—i) Case D2, and (j-1) Case E, with the numbers 1, 2 and 3 representing the
clean, SGP, and polluted aerosol profiles, respectively. The black lines indicate the DIE cases and the blue lines the IEO

cases.

of the cloud systems (Figs. 6g—i), while lower-level ice crys-
tals can even grow bigger at the expense of more supercooled
droplets. Similar to cloud and raindrops, the aerosol radiative
effect in DIE does not change the trend of ice crystals in re-
sponse to increases in aerosol concentration, but it does alter
the absolute concentrations of the hydrometers for the two
precipitating cases (Case A and E) compared with IEO. In
particular, the number concentration of ice crystals is greatly
enhanced in DIE simulations at high aerosol levels in Case A
(Fig. 4c). For the stratus in D1, the CCN effects on ice mass
and number concentrations are either saturated or reversed
from the moderate to heavy polluted conditions. Through
comparison of DIE and IEO in Figs. 4 and 5, it appears that
both the monotonicity of the microphysical response and the
magnitude of the microphysics of ice crystals could be greatly
modulated by aerosol direct effects in Case D.

3.2. Precipitation

Figure 7 presents the evolution of rain rates through-
out Case A. The simulated temporal variation of rain rates
generally agrees with the observations based on rain gauge
data from the Arkansas Red-Basin River Forecast Center
(ABRFC). For example, both simulations and observations
show intensive precipitation started from 0900 UTC on Day
62 and ended around noon on Day 63. However, the pri-
mary peak during the first precipitation period is delayed by
half day in the simulations, possible due to the bias in the

simulated storm center. The strongest updrafts are observed
during the first period, suggesting a convective origin of pre-
cipitation. For both the DIE and IEO cases, the aerosol con-
centration and accumulated precipitation are positively cor-
related, consistent with the larger size of raindrops under the
more polluted conditions. The larger raindrops could have
a higher chance to survive evaporation when they precipi-
tate out from clouds, leading to more surface precipitation.
There is a statistically significant difference between rainfall
amounts with and without the direct effect. More precipita-
tion is produced in the IEO case than in the DIE case for both
the clean and polluted profiles, which indicates that through
blocking more radiation into the atmosphere, the aerosol di-
rect effect systematically weakens the convection strength as-
sociated with the cloud development [Fig. S1 in electronic
supplementary material (ESM)].

Mid-level non-precipitating clouds are primarily present
during most of Case D, but some shallow cumulus clouds
were formed to the south of the SGP near the end of the
period, bringing a brief period of light precipitation, based
on the ABRFC observations (Fig. 7c). Our model produces
some light precipitation at different times during the “non-
precipitation” stratus D2 stage according to the observa-
tions. The intensive precipitation in the simulations also
comes from the convective event in D2, but the rain rates
are generally overestimated by a factor of two compared to
the observed values. Both observations and simulations show
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that the convective event is the only period with significant
rainfall and is the main contributor to the accumulated rain-
fall, so the total accumulated rainfall responses in Fig. 7d
reflect the changes in D2. Both the DIE and IEO cases gen-
erally show similar non-monotonic precipitation trends in re-
sponse to aerosol, i.e., the accumulated precipitation is en-
hanced from the clean profile to the SGP profile, and is then
further reduced in the polluted profile. The nonlinearity of
the relationship between precipitation and aerosol can be ex-
plained by the corresponding nonlinearity of the microphys-
ical effects of aerosol on shallow cumulus clouds. At the
relatively low aerosol levels (from clean to SGP), the mass
mixing ratio of raindrops decreases by 10% (Fig. 3h), which
is much smaller than their 58% reduction in number concen-
tration (Fig. 4h). This leads to a relative increase in the ef-
fective radius of raindrops, and hence the raindrops have a
better chance to survive through the under-saturation below
clouds, resulting in an enhancement in surface precipitation
from the clean to the SGP profile. However, due to the larger
amount of smaller cloud droplets, warm rain is suppressed
in the polluted profile by less efficient collision/coalescence
processes. Significant differences in magnitudes of precip-
itation exist between the DIE and IEO cases at high aerosol
levels (SPG and polluted). The largest difference between the
DIE and IEO model runs is in the polluted profile in the IEO
case, which has 43% more rain than the DIE case on average.
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The higher amounts of precipitation in the IEO cases can be
traced to the higher amounts of cloud, rain and ice water in
IEO than in DIE (Fig. 3), and this is also consistent with the
weaker convection during the period with shallow cumulus
cloud in DIE (Fig. S2). By including the direct effect in the
DIE cases, absorbing aerosols may reduce the instability by
slightly warming the atmosphere, thereby reducing cloud and
precipitation formation. This is evident in Fig. 4 insofar as
that by contracting the DIE and IEO cases, the temperature
changes are positive in the atmosphere during daytime and
negative at the surface, suggesting that absorbing aerosols in
the DIE cases warm the atmosphere considerably and cool the
surface correspondingly, thereby weakening the convection,
reducing the atmospheric instability, and suppressing cloud
and precipitation formation.

During Case E, the model does relatively well in predict-
ing the timing of four maxima of precipitation in compari-
son to observational data, but somehow underestimates the
precipitation amount before Day 78 and overestimates it af-
ter Day 79 (Fig. 7e). The first precipitation maximum was
from about 0000 to 1200 UTC on Day 76, corresponding to
the strongest period of convection associated with the pas-
sage of the cold front. Precipitation during this period shows
a non-monotonic response to initial CCN concentrations, as
the peak values of rainfall rates during this period are 1.27,
1.31 and 1.13 mm h~! for the clean, SGP and polluted aerosol
profiles with IEO, respectively. Such non-monotonicity was
also found in the CCN effects on a cumulus cloud by Li et al.
(2008). The next two precipitation maxima occurred during
the stratiform rain event from about 1200 UTC on Day 76 to
1000 UTC on Day 78, throughout which very few ice parti-
cles were present (Fig. S3), and there was generally a linear
relationship between the aerosol concentration and rain rates.
The final two precipitation maxima, from about 1200 UTC on
Day 78 to 1400 UTC on Day 79, are associated with another
convection event. The response of the rainfall rates to aerosol
during this period is a little complicated, as the last precip-
itation maxima on Day 79 are 0.75, 0.64 and 0.72 mm h!
from the clean, SGP, to polluted aerosol profiles. The largest
contributor to the accumulated precipitation for Case E is due
to convective sources on Day 76; hence, the overall trend of
precipitation in response to aerosols is first and increase and
then a decrease. When comparing the accumulated precipi-
tation between the DIE and IEO cases, statistically more pre-
cipitation (about 1-2 mm on average) is produced in the IEO
cases than in DIE cases. The higher precipitation for the IEO
cases could be attributed to the larger amounts of rain and ice
water available.

3.3. Cloud fraction

Figure 8 shows the simulated and observed cloud frac-
tion, defined as the fractional area percentage of clouds in an
atmospheric layer. Observations were obtained at the SGP
Central Facility using the Active Remote Sensing of Clouds
Value-Added Product. The modeled cloud fraction is aver-
aged over the 25 nearest grid points (a five-by-five horizontal
box around the SGP Central Facility) with a total water mix-
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ing ratio (Qyo() greater than 107% kg kg~!, where Q is the
sum of the cloud, ice, snow, and graupel water mixing ratios.

In Case A, as a developing low-pressure system passed to
the south of the domain along the Oklahoma—Texas border,
a few different cloud types—primarily cumulus and stratus
clouds—passed through the domain. The general evolutions
of cloud fraction are comparable between the simulations and
the observation, with two distinct periods of deep convection
and a long period of low-level clouds. The DIE induces an
increase in cloud fraction in both convective clouds and strat-
iform clouds from clean to polluted conditions (Fig. 8a). The
overall cloud fraction during the entire case in Fig. 8 shows
that with the elevated aerosol concentrations, the cloud frac-
tion has a fractional increase of 16.6% for DIE and a decrease
of 4.6% for IEO. The non-monotonic responses of cloud frac-
tion to different aerosol concentrations in the IEO of this case
reveal that cloud fraction may not be a good indicator of the
aerosol invigoration effect discussed in the previous sections.
The cloud fraction changes due to aerosols can be largely
buffered by the interactions between clouds and ambient air,

AEROSOL AND CLOUD

VOLUME 35

as the entrainment rate can be modulated after the stronger
convection along with the aerosol invigoration effect. One
good example is the reduction of relative humidity for the
trade wind cumulus in the subtropics (Seifert et al., 2015).
Those competing factors make the change in cloud fraction
highly mutable after the aerosol perturbation.

Most of the clouds in Case D are mid-level non-
precipitating clouds, some of which contain ice particles.
Near the end of the case, some shallow cumulus clouds oc-
curred to south of the SGP Central Facility. Observations
show there were primarily two periods of non-precipitating
clouds at around 0000 UTC on Day 73 and 74, and a short-
lived convective cloud late on Day 74 (Fig. 8). The simulated
clouds in the two periods are generally larger and thicker than
observed. The cloud fractions in six experiment runs show
close resemblance (Fig. 8). The major differences are the re-
duction in cloudiness at about 0700 UTC on Day 73, and at
about 1800 UTC on Day 74. Only the aerosol radiative ef-
fect emerges in both D1 and D2, showing a negative corre-
lation between aerosol and cloud amount, while the changes
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Fig. 8. Simulated and observed cloud fraction for Case A (left-hand panels), Case D (middle panels), and Case E (right-
hand panels): (a—d) average cloud fraction over the entire period, in which the numbers 1, 2 and 3 denote the clean,
SGP, and polluted aerosol profiles, respectively; (e, h, 1) clean DIE simulations; (f, i, m) polluted DIE simulations; (g,

k, n) observations.
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in cloud fraction in IEO are insignificant in D1. The cloud
fraction can be reduced by 20% due to aerosols in the DIE of
Case D2.

Cloud cover was continuously present over the SGP do-
main during Case E, primarily due to a cold front, two-day
trailing stratiform clouds, and another low-pressure system
on the last day. Generally, the model produces thinner cloud
depth but consistent evolution compared to the observations
(Fig. 8). The lower simulated cloud fraction is partly due to
the exclusion of the rainwater mixing ratio in calculating the
cloud fraction. Actually, when the rainwater mixing ratio is
included, the modeled cloud fraction appears exceptionally
thicker than observed. This is the same reason for the bi-
ased liquid water path (LWP) simulations in the next section.
The overall cloud fraction throughout Case E increases with
higher aerosol concentrations for both the DIE and IEO cases
(Fig. 8), with a relative increase of 14.8% and 23.8%, respec-
tively. For the DIE cases, during the cold frontal passage
on Day 76, with increased aerosol concentrations, there is an
increase in lower-level clouds, but a decrease in deep con-
vective clouds is observed. During the Day 79 low-pressure
system period, the cloud fraction significantly increases. For
the IEO cases, with respect to increasing aerosol concentra-
tion, the cloud fraction increases during each of the three pe-
riods of note. Also during all three periods, IEO has a larger
increase in cloud fraction than that in DIE.

34. LWP

The response of the LWP to CCN perturbations is directly
related to the aerosol indirect forcing, but the simulated rela-
tionships from different climate models do not converge (Fan
et al., 2016). The semi-direct effect of absorbing aerosols
further complicates the relationship between aerosols and the
LWP (Lin et al., 2016). In both Case A and E, the simulated
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LWP exhibits a robust monotonic increase along with the ele-
vation of aerosol loading, due to the CCN effect. Comparing
the clean and polluted scenarios, the LWP can be enhanced
by 50% to 75% in Case A and E. Such a relationship is not
subject to the aerosol radiative effect for the convective cloud
regime, as LWP changes are about the same between DIE
and IEO for Case A and E. For Case D, which has an overall
smaller liquid cloud amount than Case A and E, the variations
of LWP are strongly influenced by the radiative effect of light
absorbing aerosols (Fig. 9). The heating in the free tropo-
sphere induced by aerosols can reduce the LWP of the stratus
by 25% in the polluted scenario during Case D1, and even
reverse the trend of LWP responses to aerosols from positive
to negative. Similarly, for the cumulus in D2, the LWP is re-
duced by about 20% when comparing DIE and IEO for both
moderate and heavy polluted aerosol conditions.

3.5. Radiative fluxes and surface temperature

In all three cases, the modeled shortwave radiation reach-
ing the surface shows a monotonic decrease by increasing
aerosols, while the magnitude of the decrease depends on
cloud type and is affected by the aerosol radiative effect. For
the IEO cases, the general reduction in shortwave radiation
agrees with the monotonic increase in LWP but decrease in
cloud droplet radius. By considering the aerosol direct ef-
fect, Case A and D show a much larger reduction in surface
shortwave radiation, by as much as =30 W m~2 (Fig. 10). In
contrast, due to the thick cloud layer in Case E, the aerosol ra-
diative effect on the surface radiation is not evident for both
the clean and polluted conditions. On the other hand, we
find that the cooling from the aerosol indirect effect is most
significant in Case E, which has greater cloud thickness and
more persistent low-level stratiform cloud than Case A and D.
Comparing the aerosol-induced trends of shortwave radiation
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Fig. 9. Simulated and observed LWP for (e) Case A, (f) Case D, and (g) Case E. Upper row: averaged over the entire period and
the innermost domain, in which the numbers 1, 2 and 3 denote the clean, SGP, and polluted aerosol profiles, respectively. Lower
row: averaged for the entire domain, in which the plotted colors correspond as follows: black—observed; green—clean DIE;
yellow—SGP DIE; red—polluted DIE; cyan—clean IEO; blue—SGP IEO; dark red—polluted IEO; lavender—observations.
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in the IEO runs among the three cases, Case E exhibits the
largest reduction in shortwave radiation by increasing CCN.

The response of outgoing longwave radiation (OLR) at
the TOA to aerosol variations is modulated by the overall
cloud fractions. Such a hypothesis can be verified by compar-
ing the responses of OLR (Fig. 10) and cloud fraction (Fig. 8).
It is found that almost all the trends of OLR are opposite to
those in cloud fraction, as the OLR (cloud fraction) decreases
(increases) in the DIE of Case A, IEO of Case D, and both the
DIE and IEO of Case E, but increases (decreases) in the IEO
of Case A and DIE of Case D1. A quantitative analysis of
the co-variations of cloud fraction and OLR in Fig. 11 shows
that the correlation coefficient between these two quantities
is greater than 0.8. This good agreement reinforces the fact
that clouds play a crucial role in altering the Earth’s radiative
budget regionally and globally. Comparing the DIE and IEO
cases, the aerosol radiative effect can even change the sign
of the OLR response. For example, in Case A, introducing
aerosol-radiation interactions results in a change of OLR due
to aerosols from +2.4 to —2.4 W m~2. Even though the cloud
top height is another factor that can potentially alter the OLR,
we find the cloud top heights do not significantly change for
different aerosol conditions in all three cases, as evidenced
by the vertical profiles of cloud fraction (Fig. 8) and ice wa-
ter content (Fig. S3).

Surface temperature changes closely follow the surface
radiation imbalance. The model-simulated surface temper-
ature shows good agreement with surface station measure-
ments at SGP. In Case A and D, only aerosol radiative effects
in the polluted scenario stand out and produce a surface cool-
ing (Fig. 12). The insignificant surface temperature response
in IEO can be attributed to the cancellation between both
enhanced shortwave cooling and longwave warming at the
surface. In contrast, the surface cooling induced by aerosols
is significant in both the IEO and DIE of Case E. Overall,
the responses of surface temperature to aerosol variations are
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Fig. 11. Correlation between total cloud fraction and OLR from
three cases under different aerosol conditions.

highly similar to those of downwelling shortwave radiative
fluxes at the surface (Fig. 10).

4. Conclusion

The individual mechanisms of aerosol-cloud interaction
in certain types of cloud have been extensively examined in
previous studies using similar cloud-resolving models. How-
ever, the aerosol effects on cloud ensembles where multiple
types of clouds coexist in the real atmosphere receive much
less attention. In this study, we adopted an “ensemble” ap-
proach and compiled three cases that were well observed over
the same region (US SGP) during the same season (spring-
time). An aerosol-aware WRF model was used to explore
the differences in the responses of cloud micro- and macro-
physics, precipitation, and radiation, to aerosol perturbations
in the complex continental cloud systems. The model em-
ploys a two-moment bulk microphysics scheme to account
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for the aerosol microphysical effect, as well as a modified
Goddard radiation scheme to simulate the aerosol radiative
effect. Three different cloud systems during the March 2000
Cloud IOP campaign at the ARM SGP site were examined,
including: a low-pressure system, less-precipitating stratus
and shallow cumulus, and a cold front. The impacts of in-
creasing the aerosol concentration were quantified, and the
aerosol radiative (direct and semi-direct) and microphysical
(indirect) effects compared. Our cloud-resolving simulations
generally captured the major features of the observed tempo-
ral variations in precipitation for all three cases.

The sensitivity experiments showed that the distinct mi-
crophysical responses of cloud collections to initial aerosol
loadings depend highly on the cloud types and synoptic
conditions. For the convective cases with moderate-to-heavy
precipitation, the microphysical properties for hydrometeors
showed robust monotonic trends in response to aerosol load-
ings, evident in the dependences of the mass content and
number concentration of cloud droplets and rain drops on
aerosols. The inclusion of aerosol direct effects in those cases
had little influence on the monotonicity of the microphys-
ical response for the heavy precipitating situation. For the
less-precipitating stratus clouds, the monotonicity of the mi-
crophysical response to aerosols depended on the types of
hydrometeors examined, as the cloud water content can be
strongly modulated by aerosol direct and semi-effects.

The overall response of domain-averaged accumulated
precipitation to aerosol initial concentrations showed a lin-
early increasing trend for convective cloud, but some tip-
ping points in stratiform or shallow cloud. The monotonic-
ity of the precipitation response to aerosol initial concentra-
tions differed from case to case and varied with cloud types
and their evolving stages, indicating a high dependence of the
precipitation response on the weather environment in which
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the cloud systems developed. By comparing the IEO simula-
tions with DIE simulations, the importance of aerosol direct
effects emerged, even though the aerosol direct effects did
not modify the trends of precipitation in response to aerosol
perturbations.

The changes in cloud macrophysics, such as cloud frac-
tion, did not show any similarities to those in cloud micro-
physics. The responses of cloud fraction to different aerosol
concentrations were quite distinct in the different cases.
Specifically, in a convective cloud system like case E (Fig.
8d), we found the increase in cloud fraction is due to the
increase in liquid cloud mass in the stratiform clouds trail-
ing the deep convection core. In a less-precipitating cloud
system like our case D, the absorbing aerosols can heat up
the air mass in the cloud layer, cool the air near the sur-
face, reduce the relative humidity in the cloud layer, weaken
the turbulence in the boundary layer, and eventually decrease
the cloud fraction (Figs. 8b and c). Note that previous re-
ports of the aerosol effects on cloud fraction were mainly de-
rived from cloud-resolving simulations (e.g., Lin et al., 2016),
while GCMs always predict little change in cloud fraction in
response to aerosols perturbations (e.g., Wang et al., 2015).
This emphasizes the importance of cloud fraction parameter-
izations in GCMs. The LWP exhibited a robust monotonic
increase along with the elevation of aerosol loading for con-
vective clouds and their trailing stratiform clouds, while there
was no significant change in LWP for the thin mid-level cloud
with little water content inside. The modeled shortwave radi-
ation reaching the surface showed a monotonic decrease by
increasing aerosols, while the magnitude of the decrease de-
pended on the cloud type and was affected by the aerosol ra-
diative effect. The responses of OLR were closely linked with
the total cloud fraction under different aerosol loadings. Ulti-
mately, the surface temperature changes closely followed the
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Fig. 12. Simulated and observed surface temperature for (e) Case A, (f) Case D, and (g) Case E. Upper row: averaged surface
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surface radiation imbalance, including both shortwave and
longwave contributions, but the former carried more weight.

The results from this modeling study highlight the com-
plexity of the aerosol-cloud—precipitation—radiation interac-
tions that vary on a case-by-case basis. In addition, this
study has shown that studying the aerosol microphysical ef-
fect alone is insufficient to assess the changes of clouds in the
real atmosphere, as the aerosol radiative effects can also pro-
duce profound impacts on cloud development and precipita-
tion processes. Therefore, long-term, high-resolution model
simulations with comprehensive aerosol effects are needed to
quantify the climatic effects of aerosols on regional radiation
budgets and the hydrological cycle.
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