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Abstract

A bin-based meso-scale cloud model has been employed to explore the aerosol in-
fluence on the cloud microphysical properties and precipitation efficiency of shallow
stratocumulus in East Asia in March 2005. We newly constructed aerosol size distribu-
tions and hygroscopicity parameters for five aerosol species that reproduced observed
aerosol and cloud condensation nuclei (CCN) number concentrations in the target pe-
riod, and thereby used in model simulation of the cloud microphysical properties and
precipitation efficiency. It is found that the simulated results were satisfactorily close to
the satellite-based observation. Significant effects of aerosols as well as of the mete-
orological condition were found in the simulated cloud properties and precipitation as
confirmed by comparing maritime and polluted aerosol cases and by a sensitivity test
with interchanging the aerosol conditions for two cases. Cloud droplets in the polluted
condition tended to exhibit relatively narrower cloud drop spectral widths with a bias to-
ward smaller droplet sizes than those in maritime condition, supporting the dispersion
effect. The polluted aerosol condition also had a tendency of thinner and higher cloud
layers than maritime aerosol condition under relatively humid meteorological condition,
possibly due to enhanced updraft. In our cases, vertical structures of cloud droplet
number and size were affected predominantly by the change in aerosol conditions,
whereas in the structures of liquid water content and cloud fraction were influenced by
both meteorological and aerosol conditions. Aerosol change made little differences in
cloud liquid water, vertical cloud structure, and updraft/downdraft velocities between
the maritime and polluted conditions under dry atmospheric condition. Quantitative
evaluations of the sensitivity factor between aerosol and cloud parameters revealed
a large sensitivity values in the target area compared to the previously reported values,
indicating the strong aerosol-cloud interaction.
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1 Introduction

Tropospheric aerosols can alter the cloud microphysical and optical properties as well
as precipitation efficiency as acting cloud condensation nuclei (CCN), thereby causing
the indirect effect in the climate system. An increase in the aerosol number concen-
tration enhances the number of cloud droplets with reduced droplet sizes for a same
liquid water path, which results in an increased cloud optical depth and enhanced
cloud albedo (Twomey, 1974). The reduction in cloud droplet size inhibits the precipita-
tion efficiency (Albrecht, 1989), which furthermore induces a longer cloud lifetime and
increased cloud top height with an increased liquid water path (Andreae et al., 2004;
Rosenfeld et al., 2006). Both increased albedo and longer cloud lifetime exert a signif-
icant cooling effect at the Earth’s surface to partially offset the warming effect caused
by greenhouse gases.

These aerosol indirect effects have been regarded as one of the largest uncertainties
in the current understanding of climate change. The IPCC Fourth Assessment Report
(2007) concluded that the global mean radiative forcing due to the first aerosol indirect
effect is approximately —0.7 W m~2 with substantial variation from —1.8 to —0.3Wm™2
at the top of the atmosphere with a low level of scientific understanding. The uncer-
tainty regarding the aerosol indirect effects arises mainly from the poor representa-
tion of cloud microphysical processes (e.g., simplified empirical relationships or phys-
ically based parameterization) in GCMs (Lohmann and Feichter, 2005, and reference
therein; Chen and Penner, 2005). Therefore, direct modeling of aerosol-cloud interac-
tion through high resolution simulations remains of considerable importance to reduce
the existing uncertainty.

Growing challenge against the difficulty in simulating aerosol indirect effects in GCMs
stems from application of cloud resolving models (CRMs) to particular cloud sys-
tems (Guo et al., 2007). The CRM is the primary tool to improve the understanding
of aerosol-cloud interaction with high spatial resolution, explicitly treating cloud mi-
crophysical processes and cloud-radiation interaction. Bin microphysical approach,
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coupled into the model of this study, provides a superior prediction of precipitation and
reproduces a more realistic cloud structure than does the bulk model (Lynn et al., 2005,
2007). A key advantage of the bin-based cloud scheme is that it allows the discrete
calculations of the size distributions of CCN and hydrometeors by size bins; hence it
enables us to approximate the number concentration, mean/effective radius, and to-
tal volume of hydrometeors, which are important variables in the estimation of aerosol
indirect effect (e.g., Khain et al., 1999). Therefore, bin-based cloud models become
particularly useful when the cloud microphysics play an important role in determining
cloud dynamics (e.g., feedback processes and climate projection simulation).

East Asia is one of the east coast regions of the continents where aerosol-cloud inter-
action is moderately active with a strong positive correlation between aerosol and cloud
number (Nakajima et al., 2001). Aerosol-cloud interaction over East Asia has been in-
vestigated mainly by long-term and large-scale spatial correlations from satellite-based
assessments (Sekiguchi et al., 2003; Myhre et al., 2007) or by radiation budget calcu-
lated from GCM simulations (Nakajima et al., 2003; Unger et al., 2009). A detailed
analysis of the linkage between aerosol and cloud/precipitation properties in this area
would be insufficient to assess the aerosol indirect effect on regional-scale climate. In
particular, small-scale stratocumulus clouds with no or light precipitation, which can-
not be resolved in GCMs, have a profound influence on the region-scale climate and
hydrological cycle. Recent studies have examined the aerosol effect on stratocumulus
clouds in relation to their significant role in the radiation budget (Jiang et al., 2006;
Fan et al., 2007; Altaratz et al., 2008; Lee and Penner, 2009; Lee et al., 2009; Lu
et al., 2008). Hence, a more complete understanding of aerosol-cloud interaction over
shallow low-level clouds in East Asia is necessary to advance our knowledge of the
regional-scale aerosol indirect effect.

The ability of any particle within an aerosol population to serve as a CCN and to nu-
cleate cloud droplets is governed primarily by the aerosol size distribution and chemical
composition as well as the supersaturation of air parcels (Pruppacher and Klett, 1997;
McFiggans et al., 2006). In spite of the importance of aerosol properties, a number
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of modeling studies have simplified aerosol properties with several assumptions in the
calculation of aerosol indirect effect. Therefore, the aerosol size distribution, chemical
composition, and detailed knowledge of how different compounds interact with water
are required to accurately predict how a realistic aerosol population will experience the
cloud nucleation process (Andreae and Rosenfeld, 2008; McFiggans et al., 2006).

Evidences from modeling studies, in addition, have suggested that the environmen-
tal relative humidity, temperature, and vertical wind shear are likely to be important
controlling factors for cloud formation and development (Khain et al., 2005; Jiang et al.,
2006; Fan et al., 2007; Lee and Penner, 2009; Lee et al., 2009). Moreover, these
background meteorological conditions play a critical role in the response of cloud mi-
crophysics and precipitation by aerosol change; thus, it is difficult to accurately evaluate
the aerosol effect on a cloud system without specifying the meteorological condition in
which the cloud system is formed. Therefore, needed is a thorough examination of the
changes in cloud/precipitation properties induced by aerosol variations under various
meteorological conditions.

This study aims to improve condensation nuclei (CN; all aerosol particles upon which
condensation of water vapor occurs, i.e., CN is regarded as total aerosol particles
throughout this study) and CCN information (e.g., size distribution and hygroscopicity)
to provide their more realistic conditions for a numerical simulation using a bin-based
meso-scale non-hydrostatic model of Iguchi et al. (2008). An ultimate CRM, which
should be used, may be a LES model with a grid size of less than 1km to simulate
individual shallow stratocumulus cells, but we simply used a bin-base meso-scale non-
hydrostatic model with a grid size of 3km and with a 1.5-order turbulent closure model
of the Monin and Obukhov similarity theory (Saito et al., 2006). Spatial resolution of this
model might be too crude to resolve each cloud cell, but Iguchi et al. (2008) confirmed
that the simulated statistics of cloud microphysical parameters do not depend on the
model resolution in the East China Sea region, which is also our target region, between
simulations of 2 km and 7 km grid sizes. This is attributed to the fact that the target area
and season tended to have a warm sea surface and relatively unstable atmospheric
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conditions to generate a relatively larger cloud cells than those in the East Pacific
region where strong atmospheric stable conditions do not permit such a crude model
resolution to simulate realistic aerosol-cloud interaction (Feingold and Kreidenweis,
2002). On the other hand, we have an advantage of covering a large area to take into
account the large characteristic inhomogeneity of the aerosol distribution in the target
region in the spring time. Our result should be regarded as a large area statistics to be
compared with that of satellite remote sensing.

Good diagnostics of the spatial distribution of CN is necessary for the reproduction
of realistic cloud microphysical properties in such type of the simulation (Iguchi et al.,
2008). In this regard, we focus on comparing the maritime and polluted aerosol effects
on the responses of cloud microphysical properties and precipitation efficiency using
realistic aerosol conditions for shallow low-level stratocumulus clouds over East Asia in
March 2005. Through two case simulations with different meteorological and aerosol
settings as well as two additional sensitivity simulations with interchanged aerosol con-
dition, the following points will be addressed: (1) How different are the magnitudes in
the horizontally-average of cloud/precipitation properties and the characteristics in the
cloud vertical structures affected by changes in the aerosol condition under same me-
teorological setting? (2) Which cloud parameters are dominated by the aerosol change
or by the meteorological conditions? (3) How do the variations in aerosol number influ-
ence the response of cloud/precipitation properties for the target cloud?

2 Methodology
2.1 Model description

A bin-based cloud microphysics scheme coupled with a three-dimensional non-
hydrostatic dynamic model, which can treat cloud, aerosol, and radiation processes
(lguchi et al., 2008), was used in this study. The dynamic model is Non-Hydrostatic
Model (NHM) developed by the Japan Meteorological Agency (Saito et al., 2006). The
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scheme with bin-based cloud microphysics from the Hebrew University Cloud Model
(HUCM, Khain et al., 1999) was implemented into the dynamic model to replace the
bulk-type cloud scheme of the NHM. In the bin-based meso-scale cloud model, a single
type of water (water droplet) and six types of ice (ice crystals (plate, column and den-
drite), snowflakes, graupel, and hail) are included as hydrometeors. Size distributions
of these hydrometeors are distributed over 33 doubling mass bins, e.g. with a droplet
radius ranging from 2 to 3251 um. Details are described in Sect. 2 and Appendix A
given by Iguchi et al. (2008). In this study, only water cloud processes (i.e., nucleation,
condensation, evaporation, coalescence growth, and gravitational sedimentation) were
included in the calculation for the computational limitation, excluding ice cloud micro-
physics.

2.2 Improvement of aerosol properties in the CCN nucleation process

The original bin-based cloud model of Iguchi et al. (2008) employed the bulk aerosol
number concentrations of sulfate, sea salt, and organic carbon (OC), which are re-
garded as hygroscopic aerosol species, to serve as potential CCN. Aerosol size distri-
butions were simply assumed to have one log-normal size distributions for sulfate and
OC given by Takemura et al. (2002), and a power-law distribution for sea salt. Sum-
mation of the three aerosol size distributions was provided for the initial CN condition.
Moreover, the aerosol chemical components of all aerosol particles were assumed to
be ammonium sulfate although hygroscopicity parameter was taken care to modulate
difference in the chemical components. The original model thus might produce uncer-
tainties associated with these simplified assumptions. Consideration of both aerosol
size distribution and proper chemical composition is necessary to model more realis-
tic CCN concentration in the aerosol-CCN nucleation process. More detailed aerosol
specification, therefore, should be provided for each of the five aerosol types in calcu-
lating the aerosol-CCN nucleation process of the model simulation.
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2.2.1 Aerosol size distribution

The aerosol size distribution of each aerosol species consists of a superposition of
multi-mode lognormal distribution in this study (see Fig. 1), in contrast to the simple
size distributions of the original version of the model. The adopted aerosol size distri-
bution parameters for aerosol species are given by all three-mode log-normal forms,
based on previous studies (i.e., sulfate, OC, and black carbon (BC) from Herzog et al.,
2004, and references therein, and sea salt and dust particles from d’Almeida et al.,
1991). To ensure that these assumed aerosol size distributions could be applied over
East Asia region, we validated these size distributions with observed size-resolved
mass concentrations for corresponding aerosol species from two sampling datasets
by the Micro-Orifice Uniform Deposit Impactor (MOUDI). One MOUDI sampling was
collected on board the NOAA R/V Ronald H. Brown from 3 to 19 April 2001 during
the Aerosol Characterization Experiment (ACE)-Asia campaign (Mochida et al., 2007).
The other was conducted at a ground-based measurement platform located at Gosan
supersite, Jeju, Korea (33.29° N, 126.16° E), from 5 to 30 March 2005 during the Atmo-
spheric Brown Cloud-East Asian Regional Experiment (ABC-EAREX; Nakajima et al.,
2007). Although the MOUDI dataset did not cover the entire size range (approxi-
mately 0.001-10 um) in the model calculation because of the limited cutoff size, the
determined aerosol number size distributions had similar features to the observed size
distributions of aerosol number concentration converted from size-segregated aerosol
mass concentration during both observation periods over available size range.

2.2.2 Aerosol chemical component

Petters and Kreidenweis (2007) proposed a hygroscopicity parameter that can be used
to describe the influence of chemical composition on the CCN activation of aerosol
particles. This parameter (denoted as B) in the aerosol-CCN nucleation process is
defined as the following (Pruppacher and Klett, 1997):
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(1)

where v is van’t Hoff factor (the number of ions the salt disassociates into), ¢ is the
soluble mass fraction (separating the contributions of soluble and insoluble species to
the water activity and total droplet volume), ® is the osmotic coefficient, M,, /¢, is the
molecular weight of water/aerosol material, and p,, /¢, is the density of water/aerosol.
Overall, the continental and marine aerosols were inclined into B-value ranges of 0.1—
0.5 and 0.6-0.9, respectively (Poschl et al., 2009). High variability was verified in the
B-value of various aerosol chemical composition as having the range of 0.3-0.7 for
sulfate (Koehler et al., 2006), 0.9-1.4 for sea salt (Koehler et al., 2006; Petters and
Kreidenweis, 2007), 0.001—1.10 for dust (Koehler et al., 2009; Sullivan et al., 2009),
0.01-0.6 for organic aerosols (Rose et al., 2010; Koehler et al., 2006), and 0.01-0.3
for BC (Rose et al., 2010; Andreae and Rosenfeld, 2008). In this study, the B-value for
each of the aerosol compositions, which have been widely used in aerosol modeling
studies, were employed in the model calculation as proposed in Ghan et al. (2001).
B-value was set to 0.51, 1.16, 0.14, 0.14, and 5x10~" for sulfate, sea salt, dust, OC
and BC, respectively, in the present simulations. BC aerosols were assumed to be
insoluble particles in this study and therefore not to be activated into CCN, which should
be modified in future improvement of the CCN calculation with realistic BC number
concentration.

3 Setup of numerical experiments

Numerical simulations were conducted on 13 March (denoted as case 1) and 24 March
(case 2) 2005 during the ABC-EAREX2005 in order to investigate the aerosol effect on
the low-level shallow stratocumulus cloud. The simulation domain covered the East
China Sea region (26—-39° N, 120-132° E), centered on the west from Jeju Island, Ko-
rea. In this region, enhanced aerosol loading from various aerosol source regions
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(e.g., dust storms from deserts located on the continent, anthropogenic pollutants
transported from industrialized regions over the coastal area of China, and sea salt
particles emitted over the oceanic area under strong wind conditions) are predomi-
nant (Choi et al., 2008; Kim et al., 2007; Nakajima et al., 2007). The complexity of
aerosol conditions should therefore be considered in the investigation of aerosol-cloud
interaction over this region. The horizontal grid size of the model domain was set to
3km (502x502 grid points), and the vertical resolution to 30 layers from surface up to
12.45 km with height-dependant varying intervals; 40 m for the bottom layer to 820 m for
the top layer. The time step was 20 s for dynamics, but a typically shorter and variable
time interval was applied in the cloud microphysics calculation.

Inhomogeneous initial and lateral boundary conditions were employed for CN num-
ber concentration using a nesting procedure, proposed by Iguchi et al. (2008), with
interpolating the field of aerosol number concentrations from a global simulation of
the spectral radiation transport model for aerosol species (SPRINTARS; Takemura
et al.,, 2000, 2002, 2005). Five aerosol species (i.e., sulfate, sea salt, OC, BC,
and dust aerosols) have been simulated using the SPRINTARS implemented in the
MIROC-AGCM with a horizontal resolution of T106 Gaussian grid (approximately
1.125°x1.125°) and 20 vertical layers. The calculated aerosol mass concentrations of
dry aerosol particles were converted to the CN number concentration, assuming size
distribution ranging from 10 t0 10 pum (17 size bins) for each of five aerosol species.

Similar to the determination of the aerosol field through the nesting procedure de-
scribed above, meteorological fields for initial and lateral boundary conditions were
also prepared by interpolation of reanalysis dataset. This study used the combined
dataset with the Japan Meteorological Agency meso-analysis dataset (JMA-MANAL)
and the National Centers for Environmental Prediction (NCEP) reanalysis data. The
JMA-MANAL, with a horizontal distance of 10 km and 20 vertical layers every 6 h, was
used for dynamical variables, such as horizontal velocity, potential temperature, and
mixing ratio of water vapor. Sea surface temperature (SST) data and relative humidity
(RH) of the upper layer were also adopted by the nesting procedure from the NCEP
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reanalysis dataset with a horizontal resolution of 2.5°x2.5° and 4 times per a day, sub-
stituting for the JMA-MANAL dataset. Model calculations were performed for 12 h (from
18:00 UTC of the previous day to 06:00 UTC of the target day), and the simulation re-
sults at 03:00 UTC were primarily analyzed in this study.

Figure 2 presents the synoptic weather charts at surface level, the satellite images
from the Geostationary Operational Environmental Satellite (GOES)-9 infrared chan-
nel, and the horizontal distributions of sulfate (a representative polluted continental
aerosol) and sea salt (the major component of maritime aerosol) aerosol mass con-
centrations at the surface level from SPRINTARS simulation at the initial time on the
target days. In both cases 1 and 2, strong high-pressure system was widely located
over the continent and well-developed low-pressure system over the eastern part of
Japan (centered on the Kuril Islands) with the frontal system. Thus, East China Sea
region and Korean peninsula were influenced by the flow pattern on the edge of con-
tinental high-pressure system (mostly synoptic northerly and northwesterly winds).
Low-level shallow clouds, the target of this study, appeared to exist distinctly under
these northerly flows, as shown in Fig. 2b. Initial sulfate and sea salt aerosol number
concentrations were obviously different between two cases (see Fig. 2¢). Quantita-
tively, surface-level sulfate mass concentrations (with converted number concentration
in parentheses) over the target cloud area were calculated to be 2.41+0.74 ug m~3
(2013.5+£616.96cm™>) and 4.57+1.60ugm™> (3825.27+1336.62cm™°) for cases 1
and 2, respectively. Moreover, other anthropogenic pollutants, such as OC and BC,
made noticeable different loadings (OC and BC loadings of case 2 were approximately
5.5 times and 5.2 times more than that of case 1, respectively). On the contrary, sea
salt aerosol amount in case 1 (23.99+6.99 cm_3) was estimated to be slightly more
than that of case 2 (22.85+1.98 cm'3). Sea salt aerosol in case 1 was more predomi-
nant than that of case 2, whereas sulfate loading of case 1 was less than that of case
2. Therefore, the aerosol loading of case 1 was characterized by a relatively maritime
condition and that of case 2 by a relatively continental polluted condition.
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Figure 3 exhibits the initial vertical profiles of meteorological variables from the JMA-
MANAL dataset and of CN number concentration from the SPRINTARS simulation for
cases 1 and 2. Note that these profiles were determined by averaging the values over
the area where the target clouds had been developed. Simulation domain has been
characterized by a significant wind shear associated with the prevailing westerlies dur-
ing the springtime. Horizontal winds in Fig. 3a,b exhibited slightly different vertical wind
gradients. In case 1, vertical gradients of horizontal wind (both u- and v-components)
were relatively stronger than those of case 2 (i.e. differences between the altitude of
0.93km and 3.31 km were 18.40 and 13.38 ms™ for u-wind, and 6.92 and 0.89m s
for v-wind in cases 1 and 2, respectively). In case 1, the initial marine boundary layer,
capped by a strong inversion layer, presented an almost constant potential temper-
ature (approximately 279 K), as shown in Fig. 3c, and an increasing RH with height
(up to 90.4% at about 1.5km) in Fig. 3d. Vertical profiles of potential temperature and
RH in case 2 revealed a shallower boundary layer (up to about 0.5 km) with a warmer
(about 284 K) and drier (maximum RH~56.1%) air mass than that of case 1. Above
the initial boundary layer in both cases, the potential temperature increased, while the
RH decreased. In addition, aerosol vertical profiles, obtained from the SPRINTARS
simulations, indicated a significant difference between two cases. The aerosol num-
ber concentration in the free troposphere (below 3.3km) as well as the ground-level
aerosol number in case 2 was at least twice that in case 1, influenced by the existence
of upper-level anthropogenic pollutants in case 2. The most remarkable distinction be-
tween cases 1 and 2 was the considerable differences in both moisture amount and
aerosol number concentration.

Another noticeable difference between two cases is the occurrence of precipitation,
which was present in case 1 but not in case 2. Generally, precipitation rates due to driz-
zle from stratocumulus clouds are on the order of a millimeter per day or less on the
ground. The 3-hourly precipitation estimates by the Tropical Rainfall Measuring Mis-
sion (TRMM) at a fine horizontal scale (0.25°x0.25°) (Huffman et al., 2007) confirmed
a small amount of precipitation (approximately 0.25 mm/day) for case 1, averaged in
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the target area, which was consistent in magnitude as well as the precipitating area
from the case simulation results (described in Sect. 5). Consequently, case 1 was
characterized by meteorological conditions favorable to CCN activation and cloud de-
velopment (relatively strong wind shear, deeper boundary layer, and moist air condition)
with primarily maritime aerosol and light precipitation, while case 2 by adverse circum-
stances (weak wind shear, shallow boundary layer, and dry air condition) with plenty of
polluted continental aerosols and no precipitation.

4 Evaluation of model performance with the modified aerosol scheme
4.1 Calculations of CN and CCN number concentration

Using aerosol bulk number concentrations converted aerosol mass concentration from
SPRINTARS simulations, CN and CCN number concentrations were calculated by
newly constructed aerosol size distributions and hygroscopicity parameters in a bin-
based meso-scale cloud model. Figure 4 illustrates the horizontal distributions of
column-integrated CN, which is the same as the summation of aerosol nhumber con-
centration of five different aerosol species, and CCN number concentrations (denoted
as “this study”), compared with the differences from the original scheme with the sim-
plified assumptions about aerosol properties (as “this study-original”) at the initial time.
The horizontal distributions were found to be similar between modified column CN and
CCN (at a fixed supersaturation of 0.6%) number concentrations in both cases 1 and
2. Difference caused by the modification (see “this study-original” in Fig. 4) of case 1
indicates a lower column CN number concentration (size range of D,>10nm) over the
oceanic area, but a higher CCN number concentration over the whole domain than in-
dicated in the original scheme. This difference is due to the unrealistic power-law size
distribution of sea-salt aerosol in the original scheme possibly generating too many
Aitken-mode particles, exerting the higher CN number concentration. Under a given
supersaturation condition, however, these small-size sea-salt aerosol particles could
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not be activated into CCN, thereby causing the small number of CCN over the domain
region. As presented in Fig. 1c, the SPRINTARS simulations in case 2 predicted the
transport of a large amount of anthropogenic pollutants (e.g., sulfate and carbonaceous
aerosols) along the northwesterly winds from the industrialized region over Eastern
China, which brought out the relatively higher CN and CCN number concentrations of
case 2 over the target domain compared with those in case 1.

Calculated CN and CCN number concentrations at the surface level were compared
with ground-based observation dataset at Gosan, Jeju during the ABC-EAREX2005
(Yum et al.,, 2007). The CN number concentration was continuously measured by
the Condensation Particle Counter (TSI CPC-3010; Dp>10nm), and the CCN number
concentration by a stream-wise thermal gradient CCN counter at a fixed supersatu-
ration of 0.6%. Calculated CN and CCN number concentrations were provided as
horizontal averages over the region of 32.5-33.5°N and 125.5-126.5° E with a size
range of D,>10nm to compare with the single-point observation dataset at Gosan. In

Fig. 5a, CN number concentrations for both case 1 (2229.1+825.3 cm’s) and case 2
(2944.2+1073.3 cm‘3) from the present scheme were relatively close to the observa-
tion data (3285.5 and 5103.1 cm™2 for cases 1 and 2, respectively), with approximately
twice as many as the CN number in the original scheme. Likewise, CCN number con-
centrations from the present scheme, as shown in Fig. 5b, indicated the estimates
(734.4+£146.9 cm™ and 1040.2+208.1 cm™ for cases 1 and 2, respectively) closer to
the observed CCN (788.3 and 3247.2 cm™2 for cases 1 and 2, respectively) and higher
CCN number concentration (by about 3.5 and 1.6 times for case 1 and 2, respectively)
as compared with the original ones. However, there was still a gap between calculated
and observed CN and CCN concentrations, which possibly resulted from the underes-
timation of aerosol mass concentration by SPRINTARS simulation or instrumental error
for ground-based observations.

Consequently, when more realistic aerosol size distributions and aerosol chemical
components are taken into account in the aerosol-CCN nucleation process, it becomes
possible to adjust the CN number concentration over the oceanic area and to calculate
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the CCN number concentration more accurately over nearly the whole domain, with
values closer to those in the observation dataset compared with the original scheme.

4.2 Cloud microphysical properties

Figure 6 displays the horizontal distributions of cloud microphysical parameters (i.e.,
cloud droplet effective radius near cloud top (EFR), cloud liquid water path (LWP), and
cloud optical depth (COD)) for cases 1 and 2 after the simulation time of 9 h (namely,
at 03:00UTC on the target days) with Terra/MODIS cloud retrievals. The EFR and
COD can be explicitly calculated from the simulated number size distribution function
f(x,y,z,r) for each grid point by their definition, and LWP was obtained from vertical
integration of the cloud droplet number concentration (CDNC) profile weighted by their
mass corresponding to the simulated size distribution function as the followings:

rm ax

/ rf(x,y,z,rymrédr
EFR = " )

max

[ f(x.y,z,rymr2dr
I

min

Z=2Zt I'max

COD = Qg / /f(x,y,z,r)ﬂrzdrdz 3)
Z=Zy I'min
Z=Zt I'max
41 3
LWP = — 0,3 f(x.y.z,r)drdz (4)
Z=2Zy I'min

where r is the cloud droplet radius, and r,,;, and r,,, were 2 ym and 32 um, respec-
tively. Also, Q. is the mean scattering efficiency which was set to 2 in the present
simulation, and z; and z,, indicated the height of the top and bottom in the simulation,
respectively. The density of water droplet was represented as p,,. Satellite-derived
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variables from the Terra/MODIS sensor were obtained by the algorithm of Nakajima
and Nakajima (1995) and Nakajima et al. (2005). It is obvious that model simulations
reproduced well the horizontal distributions of the target cloud system (low-level shal-
low stratocumulus) with a large number of horizontal small-scale cloud cells over the
oceanic area for both cases.

Compared to the simulation results provided by the original scheme, the present
scheme resulted in nearly similar features in spatial distributions for all three cloud mi-
crophysical parameters (not shown here), but with different magnitude. Increased CN
and CCN number concentrations obtained by the present model led to smaller cloud
droplets (AEFR~-4 and —4.4 um) and optically thicker clouds (ACOD~+5 and +2.5 for
cases 1 and 2, respectively). Also, LWP in case 1 increased with higher CN and CCN
number concentrations about ALWP~+30¢g m'z, while that in case 2 did not change
substantially. Table 1 provides the comparisons of cloud microphysical parameters
(EFR, LWP, and COD), averaged over the area of 125-132° E, 28-33° N at 03:00 UTC
on 13 March 2005 for case 1 and 125-129.5° E, 30.8-33.2°N at 03:00UTC on 24
March 2005 for case 2 from simulations with both original and modified aerosol proper-
ties, with Terra/MODIS cloud retrievals. Comparisons among the original and present
schemes and satellite-based observation revealed that three cloud microphysical pa-
rameters from the present scheme had values much closer to those of the satellite
retrievals compared to those from the original scheme in case 1, as consistent with the
comparisons of CN and CCN number concentrations. Although LWPs in case 2 from
simulations with the original and present schemes were estimated almost identically,
EFR and COD from the simulation with the present scheme remained closer to the
satellite retrievals. It is concluded that the modified aerosol properties contributed sig-
nificantly to the improvement in the model performance, demonstrating that the cloud
microphysical properties as well as aerosol/CCN number concentrations were closer
to the ground-based and satellite-based observations, thereby resulting in better simu-
lation and reliability in the analysis using the model.
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Simulated cloud properties in cases 1 and 2 show remarkable differences from each
other not only in their horizontal distributions, but in the magnitude of cloud microphys-
ical parameters. It cannot be concluded that the changes in only aerosol size and
composition (maritime and polluted air masses for cases 1 and 2, respectively) caused
these differences in the cloud properties, because the background meteorological con-
ditions were substantially dissimilar between two cases, as illustrated in Fig. 3. There-
fore, it is required for us to perform other numerical experiments to examine how the
cloud microphysical properties and precipitation efficiency are controlled by aerosols in
the different meteorological conditions.

5 Aerosol effects on the low-level shallow stratocumulus cloud
5.1 Description of numerical experiments

Table 2 shows the summary of four numerical experiments (two real case simulations
and two sensitivity experiments) to investigate the role of aerosol and meteorological
conditions. Two real cases were the same as cases 1 and 2, as described in Sect. 2.3.
As mentioned above, the aerosol conditions were governed predominantly by maritime
and polluted aerosols for cases 1 and 2, respectively. The meteorological condition in
case 1 was considered relatively favorable for cloud formation and development com-
pared to case 2, especially with the relatively high RH. Accordingly, the two real cases
were denoted by My,,miq (Maritime aerosol condition of case 1 and meteorological set-
ting of case 1) and Py, (polluted aerosol condition of case 2 and meteorological setting
of case 2). Additionally, two sensitivity experiments were designed by interchanging the
aerosol loadings between cases 1 and 2 to study the effect of meteorological condition.
The two additional experiments were denoted by My,, (maritime aerosol condition of
case 1 and the meteorological setting of case 2) and Py, ,iq (polluted aerosol condition
of case 2 and meteorological setting of case 1). All other model configurations were
identical in the sensitivity experiments except the aerosol condition.
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5.2 Cloud physical and microphysical properties

Figure 7a compares cloud droplet size distributions, integrated throughout the cloud
layer, with a size range of 2 to 200 um at the simulation time of 9 h after the begin-
ning of the simulation. The peak radius of the size distributions depended upon both
aerosol loading and meteorological condition; Mpynig~8um, Ppymig and My, ~5 pm,
and Pyy~3pm. The CDNC themselves was undoubtedly influenced by the aerosol
loading rather than by the ambient meteorological condition, because the CDNC of
Phumia @nd Py, were calculated to be much higher than those of My, g and My, Un-
der a same meteorological environment, polluted aerosol conditions (P, mig and Pyyy)
tended to produce smaller cloud droplets than in maritime aerosol conditions (My,;miq
and My, ), possibly not only because enhanced aerosol loading caused smaller cloud
droplets (Twomey effect), but also because the particle size of CCN activated from an-
thropogenic pollutants is relatively smaller than that from maritime aerosol. Temporal
evolutions of the cloud droplet size distributions in the four different numerical simu-
lations (see Fig. 7b—e) showed that the polluted aerosol conditions (Py,miq and Pgyy),
with larger aerosol number concentration of smaller aerosol particles, contributed to the
larger droplet number of smaller cloud droplet in the beginning of cloud formation of the
target cloud system (simulation time: 3 h for Py, iy @and 6 h for Py, ). Later in simulation
time, decrease in small cloud droplet number (radius<about 10 um) and increase in
large cloud droplet number became more apparent in the maritime aerosol conditions
(Mhumia @nd My,y) than in the polluted aerosol conditions (Ppmig @nd Py,y). In particular,
more CDNC with larger size than 50 pm in M;,;miqg @nd Py miq @rose from the relatively
large precipitating particles by precipitation occurrence. Accordingly, cloud droplets in
the polluted aerosol condition tended to exhibit relatively narrower cloud drop spectral
widths (the so-called dispersion effect) than those in the maritime condition, which is
consistent with the results of LES simulation by Lu and Seinfeld (2006) and observa-
tional study by Lu et al. (2007). On their basis, it could be explained by suppressed
drizzle at increased aerosol loadings, which results in less spectral broadening by colli-
sion and coalescence, and more spectral narrowing by droplet condensational growth.
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Spatial distributions of the target cloud system (i.e., the horizontal boundary of
low-level shallow stratocumulus) were simulated almost similarly between My, ;,iq @and
Phumia» as well as My, and Py, (not shown here), which suggests that the area of
cloud formation and development are determined not by the aerosol loading and prop-
erties, but by the meteorological condition. Despite of the nearly identical horizontal
distributions of stratocumulus clouds, the cloud microphysical properties vary consid-
erably with aerosol loading and composition. Figure 8 illustrates the comparisons of
cloud microphysical properties (EFR, LWP, and COD) and accumulated precipitation
amount (denoted by PRCP), averaged horizontally over the target area (28-33°N,
125-132°E for Myymig @and Ppmig and 30.8-33.2° N, 125-129.5° E for M,, and Py,)
after the simulation for 9h. In particular, it is worthwhile to note the LWP difference
(about 54.1 gm~2) between Mhumia @nd Ppymig, @and almost similar LWP between My,
and Py,. These responses of LWP by the aerosol loading were associated with the
formation of precipitation. Lu et al. (2007) reported that variability in CDNC driven by
the change of aerosol number concentration can bring substantial variability in precipi-
tation characteristics, which inevitably lead to changes in the cloud LWP. The condition
of Phumia 9enerated 6.8 times less precipitation amount than did My ,q With a de-
layed onset of precipitation, suggesting that maritime aerosols were activated to cloud
droplets to grow favorably into precipitating particles and that polluted aerosol condition
suppressed the formation of precipitation (the second aerosol indirect effect), which is
supported by Khain et al. (2005) and LEcuyer et al. (2009). Ackerman et al. (2004)
suggested that the response of the cloud LWP to changes in aerosol loading is influ-
enced by the humidity profile and is determined by a competition between moistening
from decreased surface precipitation and drying from increased entrainment of overly-
ing air. Therefore, LWP difference between M, ,miq @nd Ppumig resulted from the more
precipitation amount in My,,,iq, Which was considered as LWP sink, with the relatively
high RH, whereas constant LWPs of My, and P, were caused by little precipitation
with low RH.
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5.3 Vertical profiles of cloud properties and the structures of the cloud

Vertical structures of the cloud droplet number and microphysical properties over the
target cloud system were compared between maritime and polluted aerosol condition
under the meteorological environments of cases 1 and 2. In order to compare the
maritime and polluted aerosol effects on the cloud height and its depth, we calculated
cloud top and bottom heights, and updraft/downdraft velocities with RH profiles from
four experiments (see Fig. 9). Note that the grid points with cloud droplet mixing ratio
over 0.01 gkg'1 (the threshold value for judging the cloud existence by Pawlowska
and Brenguier, 2003) at two consecutive vertical levels were included in the averaging.
The scale of simulated vertical velocity might be in the range of that prescribed for
shallow stratocumulus clouds by Feingold (2003) and Pringle et al. (2009). Under
humid meteorological condition, polluted aerosol condition (P,,,miq) made a thinner and
higher cloud layer in altitude than that in maritime aerosol condition (M niq)- This
finding could be linked to the strengthened updraft (the maximum difference between
Mumia @nd Ppymig is @about —3.1cm 3'1) and wider convective area with updraft about
2.2% (the grid number with a vertical velocity stronger than 0.0cm s~ divided by total
grid number) near the cloud layer in Py, ,iq- According to LEcuyer et al. (2009) and Lee
and Penner (2009), polluted aerosol conditions cause more condensational heating
with an increase in surface area where the condensation is occurring, which made the
updraft to increase in comparison with maritime aerosol condition. More precipitating
particles, in addition, could bring the cloud bottom in My,,,iq 0 a lower altitude than
in the experiment Py niq- Although the cloud geometrical depth in Py,,iq @ppeared
to be shallower, it was optically thicker (higher COD in Py miq) due to more number
and smaller CDNC in the cloud layer, thereby resulting in potentially larger perturbation
in the radiation budget. Meteorological condition of low RH made little difference not
only in the cloud top/bottom height but also in the updraft/downdraft velocities between
maritime and polluted aerosol conditions. Also, relatively less moisture at altitudes
higher than about 1.5km in dry meteorological condition (Mg, and Py, ) contributed to
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much shallower cloud layers by about 0.5 times due to the entrainment of dry air above
the cloud layer, compared with those in humid meteorological conditions. As a result,
clouds developing in polluted aerosol conditions had a tendency to have a thinner and
higher cloud layer than those in maritime aerosol conditions under relatively humid
meteorological condition. Under dry atmosphere, however, aerosol effects made little
differences to the cloud structure and updraft/downdraft between maritime and pollution
aerosol conditions.

Figure 10 presents the vertical profiles of CDNC and cloud microphysical parame-
ters (liquid water content (LWC) and EFR), averaged horizontally over the target region,
from the simulation results of My migs Phumid> Mary, @nd Py, Cloud fractions (the grid
number included for average divided by total grid number over the target area) were
calculated to be about 0.53 and 0.54 in My mig and Ppynyig, 0.18 and 0.17 in My, and
Pary, respectively, which indicates that the cloud fraction was influenced clearly not
by the change in aerosol condition, but by the variation in meteorological condition.
Prumia Simulated the most enhanced CDNC among the four experiments, with a maxi-
mum CDNC of approximately 300 cm™2 near an altitude of 1.0 km. Under the relatively
dry condition, CDNC appeared to be concentrated in the lower level (near 1km) and
rapidly decreased with increasing altitude, caused by a sharp decrease in moisture
amount (see the RH profiles in Fig. 9e). As shown in Fig. 10b, LWC profiles revealed
almost no difference between My, and Py, but considerable distinction (especially
in the upper part of cloud layer over 1.5km) between My, miq and Ppumiq OWing to the
precipitation occurrence. EFR profiles showed similar vertical patterns, but different
magnitudes under the same meteorological condition. Vertical profiles of My,, and Py,
represented relatively larger cloud droplets due to the large falling precipitating particles
in the lower level (<1km), showing significant differences depending on aerosol condi-
tions (EFR~10 and 15 pm in cloud layers for My,mig and Ppymig, respectively). My, and
Pary experiments demonstrated that the more cloud droplet number caused smaller
cloud droplets under the same liquid content. Hence, the vertical structures of CDNC
and EFR were induced by the change of both aerosol and meteorological conditions,
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while those in cloud fraction and LWC were clearly influenced by meteorology rather
than aerosol conditions.

5.4 Responses of cloud properties with variation of aerosol number
concentration

Sensitivity tests were conducted to investigate the dependence of CDNC, cloud mi-
crophysical parameters (EFR, LWP, and COD), and accumulated precipitation amount
on the change in column CN number concentration. The CN number concentration in
each size bin was determined to be 0.25, 0.5, 2.0, and 4.0 times of that in four simu-
lations (two real cases and two sensitivity experiments). CCN number concentrations
are proportional to the CN number concentrations of the predicted supersaturation in
these experiments as same as those of the standard run (Iguchi et al., 2008). Figure 11
compares the relationships between column CN number concentration and cloud prop-
erties over the target cloud in the four experiments. As expected, an increase of col-
umn CN number concentration resulted in distinct decreases in EFR and accumulated
PRCP, as well as increases of column CDNC and COD. In particular, increasing and
decreasing tendencies of cloud parameters and precipitation amount were apparent in
the range of column CN number concentration less than 10%°cm™2, excluding that of
column CDNC (showing a steady increasing trend regardless of the value of column
CN number concentration). When the initial aerosol concentration exceeds a critical
level, most of the cloud properties become less sensitive to aerosols, implying that the
aerosol effect is more pronounced in relatively small aerosol number concentrations
(Fan et al., 2007). The response of LWP showed different features significantly by the
precipitation occurrence, identifying an increasing LWP with more column CN number
concentration under the meteorological condition of case 1, but almost constant LWP
in the meteorological condition of case 2.

To quantitatively assess the strength of aerosol-cloud interaction, a number of in-
vestigations have evaluated a sensitivity factor (S) regionally and globally as defined
as S=(0InX)/(8InN,) based on the relationship between columnar aerosol number
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concentration and cloud parameters (Nakajima et al., 2001; Breon et al., 2002; Fein-
gold, 2003; Sekiguchi et al., 2003; Quass et al., 2009), where N, stands for the column-
integrated CN number concentration, and X is for the cloud parameters (e.g., EFR,
LWP, COD, CDNC, and PRCP). In the same way, we calculated the sensitivity factor
(S) of the cloud properties with the variation of column aerosol number concentration
using a linear regression to the logarithms of model output from the four numerical
experiments (Mpymigs Phumigs Mary @nd Pyy; see Table 4). Similar sensitivity factors in
N,-EFR and N,-CDNC were evaluated as —0.29 to —0.35 and 0.93 to 1.17, respec-
tively, which means that these parameters would be more affected by the change in
the aerosol number, rather than by the meteorological condition and aerosol compo-
sition. The differences in N,-LWP sensitivity factor should be governed by the mete-
orological condition, as easily guessed by our discussion in the preceding sections,
especially associated with the formation process of precipitation, and hence influenc-
ing the N,-COD sensitivity factor. The value of for N,-PRCP factor ranged from —-1.12
to —2.80 for the experiment My, ,ig, and Py niq, respectively, whereas values from My,
and Py, were not relevant for comparison because of little precipitation amount. Naka-
jima and Schulz (2009) reviewed the values of sensitivity factors from satellite-based
analysis and global model simulations and found —0.069 to —0.203 for N,-EFR, —0.104
to 0.227 for N,-LWP, and 0.052 to 0.262 for N,-COD over global ocean with large spa-
tial differences, which are considerably smaller in magnitude than the present values.
Reported values should be regarded as a mean sensitivity factor averaging for various
cloud types that are significantly different from each other both spatially and temporar-
ily. This fact, therefore, suggests that a strong aerosol-cloud interaction is possible in
a favorable condition of cloud formation and development in the spring season of the
East China Sea.
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6 Summary and conclusion

A bin-based meso-scale cloud model has been used to investigate the regional-scale
aerosol influence on cloud microphysical properties and precipitation efficiency of
shallow stratocumulus in East Asia, provided with inhomogeneous aerosol fields by
SPRINTARS. This study focused on the improvement of aerosol specification (e.g.,
aerosol size distribution and its hygroscopicity, B) to provide more realistic aerosol
conditions. Aerosol number size distributions were determined for each of five aerosol
species (i.e., sulfate, sea salt, dust, OC, and BC), and all of them showed similar fea-
tures with the size distributions of aerosol number concentration converted using the
MOUDI dataset from field campaigns in East Asia. In addition, B-values for each of the
five aerosol compositions were employed in the model calculation. Newly constructed
aerosol size distributions and hygroscopicity parameters for the five aerosol species
reproduced more realistic CN and CCN number concentrations, and thereby simulated
cloud microphysical properties (EFR, LWP, and COD) that more closely coincide with
the retrievals from satellite-based observations, which provides reliability in the analy-
sis of this study using model simulation results.

There are some weaknesses in the consideration of aerosol conditions provided
in the present simulations. In the aerosol-CCN activation process, the values of hy-
groscopicity parameter for different aerosol species were based on previous studies.
Long-term observation dataset for aerosol hygroscopicity properties (e.g., Hygroscopic
Tandem Differential Mobility Analyzer (HTDMA)) over East Asia region contributes to
supply the realistic conditions for the target region. Although nesting procedure was
used to provide the initial and boundary condition for aerosol input in this study, in
addition, the SPRINTARS results have a spatial resolution about 111 km that is too
coarse to directly apply to the present simulation using a bin-based meso-scale cloud
model (3 km). Further simulations using aerosol conditions from regional-scale aerosol
chemical transport models with high spatial resolution are necessary to obtain better
results.
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Subsequently, we examined the maritime and polluted aerosol effects comparatively
on cloud properties and accumulated precipitation through two case simulations and
two additional sensitivity simulations for shallow stratocumulus clouds over East Asia.
Two cases were selected in the period of ABC-EAREX2005, and sensitivity simulations
were performed by interchanging the aerosol properties between the two cases in order
to investigate the response of cloud properties on the variations in aerosol loading and
composition under controlled meteorological background. Cloud droplets in polluted
condition tended to exhibit relatively smaller and narrower cloud drop spectral widths
than those in maritime condition, supporting the dispersion effect. Comparisons of the
horizontally averaged cloud microphysical properties and precipitation amount enabled
us to confirm the decreased EFR and enhanced COD (the first aerosol indirect effect)
under meteorological settings of both cases, and to figure out precipitation suppression
with pollution aerosol loading causing a larger cloud LWP (the second aerosol indirect
effect) in humid condition.

Clouds in polluted aerosol condition had a tendency to have thinner and higher cloud
layers than those in maritime aerosol condition under the relatively humid meteorolog-
ical condition, which is possibly associated with the strengthened updraft and wider
convective area with updraft velocity. Under the dry atmospheric condition, on the
other hand, aerosol changes made little differences to the cloud structure and up-
draft/downdraft velocities between maritime and pollution aerosol conditions. Vertical
structures of CDNC and EFR were induced by the change of aerosol, rather than by
the meteorological conditions, whereas those in cloud fraction and LWC were clearly
influenced more by the meteorological conditions than by the aerosol conditions.

Sensitivity tests were conducted to investigate the dependence of CDNC, EFR, LWP,
COD, and PRCP on the change of column CN number concentration. Similar sensi-
tivity values in N,-EFR and N,-CDNC in all four simulations verified that they were
influenced predominantly by the change in aerosol number, but the values in N,-LWP
and N,-COD relied on the different meteorological condition made by RH profile and
precipitation occurrence. Quantitative evaluations of the sensitivity factor (S) revealed
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a large sensitivity in this study compared to the previously reported values, suggesting
that a strong aerosol-cloud interaction would be possible in a favorable condition of
cloud formation and development in the target region.

Various responses of cloud microphysical properties and precipitation efficiency with
the change in aerosol loading and composition could magnify or diminish the aerosol
indirect effect on climate, which makes the evaluation of aerosol indirect effect compli-
cated and challenging (Guo et al., 2007). Thorough investigations on these aerosol-
cloud interactions with high-resolution simulation implemented by bin-based full cloud
microphysics would be expected to predict the fluctuation in the radiation budget accu-
rately.
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Table 1. Comparisons of area-averaged cloud microphysical properties (EFR: cloud effective
radius around cloud top (um), LWP: cloud liquid water path (g m'2), COD: cloud optical depth)
over the target cloud region between original simulations and this study with Terra/MODIS cloud

retrievals.

Parameters Case 1 Case 2
Original EFR 17.85+3.27 12.49+3.00
scheme LWP 77.87+£127.23 33.65+74.55
COD 7.43+12.86 4.21+9.09
This study EFR 13.90+3.38 8.12+1.75
LWP 104.60+157.58 33.93+73.98
CcOD 12.85+20.18 6.73+11.29
Terra/MODIS EFR 11.63+4.50 9.91+2.14
retrievals LWP 110.62+112.04 85.35+55.59
COD 18.62+62.15 15.09+22.35
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Table 2. Description of four numerical experiments (two case simulations (M mig @nd Pg),
and two sensitivity experiments (My,, and Py,,,iq) using different aerosol condition under same
meteorological background).

Experiment Aerosol condition  Meteorological setting Remark

Mhpumid Case 1 (maritime) Case 1 (humid, 13 Mar) Case simulation

Prumid Case 2 (polluted) Case 1 (humid, 13 Mar) Sensitivity test

Mary Case 1 (maritime) Case 2 (dry, 24 Mar) Sensitivity test

Pary Case 2 (polluted) Case 2 (dry, 24 Mar) Case simulation
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Table 3. Sensitivity values of cloud microphysical properties with respect to the increase of

column aerosol number concentrations.

Mhumid Phumid Mdry F)dry
N,-EFR -0.2949 -0.3406 -0.3367 -0.3536
N,-LWP 0.3252 0.1876 0.0498 -0.0150
N,-COD 0.6192 0.5101 0.3910 0.3363
N,-CDNC 1.1775 1.0768 1.0048 0.9321
N,-PRCP -1.1227 -1.3115 -1.5954 -2.8024
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Fig. 1. Comparisons of aerosol number size distributions determined as model input (with the
original distribution indicated by a thick gray dotted line and the modified distribution in this
study by a thick black line) for five different aerosol species (sulfate, dust, sea salt, organic
carbon, and black carbon) with those from ground-based observation during ACE-Asia in 2001
(blue circles and dotted line) and ABC-EAREX2005 (red circles and solid line). Left y-axis
indicates the normalized number size distribution for model simulation, and right y-axis does
the observed number size distribution.
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case1

(maritime)

case 2
(polluted)

Fig. 2. Synoptic charts (surface-level) and GOES-9 IR satellite images at 00:00 UTC (http:
//www.kma.go.kr) as well as the initial mass concentrations of sulfate and sea salt aerosol (unit:
Mg m’3) at the surface level from SPRINTARS simulations for the selected cases 1 (13 March
2005, upper panel) and 2 (24 March 2005, lower panel), respectively. Target clouds in this

study are marked by dotted boxes in the satellite images.
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Fig. 2. Continued.
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Fig. 3. Initial vertical profiles of meteorological parameters (JMA-MANAL) such as horizontal
wind (a u-wind and b v-wind), (c) potential temperature (6), and (d) relative humidity (RH) and
(e) CN number concentration (SPRINTARS) averaged over the target area of selected cases
1 (black solid line) and 2 (red dotted line). Horizontal line indicates the standard deviation at

a given altitude.
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Fig. 4. Spatial distributions of vertically integrated (a) CN and (b) CCN number concentra-
tions (unit: x10°cm™2) from surface to model top layer (12.45km) from the simulation with
the present aerosol scheme (this study) and the differences from the simulation with original
version (this study-original) over the target model domain for cases 1 and 2.
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Fig. 5. Comparison between simulated CN and CCN (at 0.6% supersaturation) number con-
centrations at the surface level near Gosan site (averaged over the region of 125.5-126.5° E,
32.5-33.5° N) and the ground-based observation dataset at Gosan site (CN from TSI CPC3010
(D,>10nm), CCN from CCN counter at 0.6% supersaturation).
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Fig. 7. (a) Size distributions of the vertically integrated cloud droplet number concentration
through the cloud layer after the simulation time of 9 h from the four experiments (M;,,mid> Phumids
Md,y, and Pdry), and their temporal evolutions from the initial time under meteorological setting
of case 1 (b and ¢, simulation time=3, 6, and 9h) and case 2 (d and e, simulation time=6, 9,
and 12 h). Note that the y-axis of (a) is a linear scale, and those of (b)—(e) are log scales.
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Fig. 8. Comparison of the horizontally-averaged values over the target area (28~33°N,
125~132°E for Myymig @nd Py miq and 30.8~33.2°N, 125~129.5°E, for My, and Py, ) at the
simulation time of 9 h for cloud microphysical properties (a EFR, b LWP, and ¢ COD) and (d)
the accumulated precipitation amount (PRCP) over the target cloud region from the four nu-
merical experiments (black: My mig, green: Ppmig, blue: My, , red: Py ).
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Fig. 9. Comparisons of (a) cloud top and bottom height with mean cloud depth, as well as
the averaged vertical profiles of (b) updraft, (¢) downdraft velocities, (d) the portion of grid with
updraft velocity over target region, and (e) RH for the four experiments (black solid line: M, ;i
green solid line: Pp,q, blue dotted line: My, and red dotted line: Py, ).
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Fig. 10. Vertical profiles of (a) cloud droplet number concentration (CDNC), (b) cloud liquid
water content (LWC), and (c) cloud effective radius (EFR) from four different numerical exper-
iments. The numbers in parentheses indicate the grid number included in the averaging for
each simulation.
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Fig. 11. Responses of cloud microphysical properties (a EFR, b LWP, ¢ COD, and d CDNC)
and accumulated precipitation amount (PRCP) by the changes of column aerosol number con-
centration (column CN in the x-axis) through sensitivity tests.
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