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[1] We simulated the interactions of aerosols with liquid
clouds using an aerosol-coupled global cloud-system-
resolving model with horizontal resolution of 7 km, and
the results are compared with satellite observations of cloud
and aerosols. The result shows detailed spatial structures of
cloud droplet effective radii (CDR) realistically simulated
especially over tropics. The global correlation statistics of
liquid water path (LWP) with aerosol index (AIl) are
investigated for different cloud types to reveal that the LWP
slightly decreases with increasing Al, closely resembling
satellite-observed features. The CDRs for different cloud
types are also shown to decrease with increasing Al, and the
sensitivities are found to be relatively similar among cloud
types although of discrepancy in absolute values between
the model and satellite observation. The model also
simulates vertical growth patterns of liquid droplets and
their interactions with aerosols in a manner similar to
satellite observations. Citation: Suzuki, K., T. Nakajima,
M. Satoh, H. Tomita, T. Takemura, T. Y. Nakajima, and G. L.
Stephens (2008), Global cloud-system-resolving simulation of
aerosol effect on warm clouds, Geophys. Res. Lett., 35, L19817,
doi:10.1029/2008 GL035449.

1. Introduction

[2] Atmospheric aerosols have been recognized to have a
significant effect on cloud microphysical properties referred
to as aerosol indirect effect. Current General Circulation
Models (GCMs), however, have not yet achieved consistent
estimates of the indirect effect [e.g., Forster et al., 2007]
despite the increasing efforts of many investigators (see
Lohmann and Feichter [2005] for review). This is mainly
attributed to an inability of GCMs to represent explicit
cloud processes due to the much coarser grid size of models
than is typical of individual clouds. This is true especially of
convective cloud processes represented by cumulus param-
eterization methods in GCMs although there have recently
been several GCM studies of aerosol effects on convective
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clouds relying on cumulus parameterizations [e.g., Nober et
al., 2003; Menon and Rotstayn, 2006; Lohmann, 2008].

[3] The microphysical processes within the convective
clouds are typically governed by air parcels being lifted
vertically by buoyant motions. Rosenfeld [2000] examined
these particle growth processes due to condensation and
coalescence in convective clouds using a combined analysis
of remotely-sensed cloud droplet effective radius (CDR)
near the cloud top and cloud top temperature 7, derived
from TRMM measurements. Their results illustrate how the
CDR rapidly increases with decreasing 7, (increasing
height) for the clouds in clean air masses in contrast to
particle growth in polluted conditions. These differences
suggest that particle growth is suppressed under polluted
conditions which also coincided with an inhibition of
rainfall as observed by the TRMM precipitation radar
[Rosenfeld, 2000]. The difference in the vertical gradient
of CDR between pristine and polluted conditions can be
conveniently described by the temperature referred to as 74
as introduced by Sekiguchi et al. [2003]. The T4 temper-
ature is defined as the temperature of the 7.-CDR plot where
CDR = 14 pum, which is proposed by Rosenfeld [2000] as a
threshold particle size for initiating drizzle formation. A
lower value of T4 implies more suppressed growth of CDR
than does a higher value of T4. Sekiguchi et al. [2003]
found a clear negative correlation between observed 74 and
remotely-sensed aerosol concentrations over global oceans,
suggesting a global-scale aerosol suppression of cloud
particle growth and thus rain formation.

[4] These aerosol effects on convective clouds need to be
represented more explicitly in models than are parameterized
in conventional GCMs for advance in our understanding of
aerosol-cloud interactions. The global cloud-resolving
model NICAM (Nonhydrostatic Icosahedral Atmospheric
Model) [e.g., Satoh et al., 2008] recently developed for
the Earth Simulator provides a unique tool for this purpose.
In this study we implemented an aerosol transport model
SPRINTARS (Spectral Radiation-Transport Model for
Aerosol Species) [e.g., Takemura et al., 2000] into
NICAM. This paper highlights the global characteristics
of the aerosol interactions with liquid clouds simulated by
NICAM-SPRINTARS.

2. Model Simulation

[s] NICAM has been used for several types of global
cloud-resolving experiments with horizontal resolutions of
up to 3.5 km [Satoh et al., 2008, and references therein],
including a realistic simulation of Madden-Julian Oscillation
[Miura et al., 2007]. These studies demonstrate that NICAM
reproduces the detailed features of global cloud and precip-
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Figure 1. Global distributions of (a and ¢) AOT and (b and d) CDR in pum obtained from MODIS observations
(Figures la and 1b) and NICAM-SPRINTARS model (Figures lc and 1d) for averages during July 1-8, 2006.

itation fields. The implementation of SPRINTARS leads to
a representation of aerosol effects on all the resolved liquid
clouds including convective clouds as well as stratiform
clouds without a cumulus parameterization. A global
simulation is performed using NICAM-SPRINTARS with
horizontal resolution of 7 km as described in section 1 of
the auxiliary material'. This resolution with aerosols
makes the best use of the state-of-the-art computational
resource due to extra needs of machine memory for aerosol
tracers.

3. Results

[6] Simulated results using the model are compared with
MODerate resolution Imaging Spectroradiometer (MODIS)
satellite observations. The procedures of analyses are de-
scribed in section 2 of the auxiliary material.

3.1. Global Distributions of Aerosol and Cloud

[71 Global distributions of aerosol optical thickness
(AOT) and CDR are shown in Figure 1 in comparison with
MODIS for AOT at 550 nm [e.g., Remer et al., 2005, 2008]
and for CDR retrieved with the algorithm of Nakajima and
Nakajima [1995] and Kawamoto et al. [2001]. Simulated
aerosol plumes prevail over the Saharan region as well as
over central-southern Africa, Middle East, Europe and East
Asia, consistent with MODIS observations (Figures la and

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL035449.

1c). Simulated AOTs are, however, smaller than MODIS-
retrieved values over North American region, possibly due
to insufficient emissions of anthropogenic SO, and gas-to-
particle production of sulfate aerosols in SPRINTARS.
Larger AOTs simulated over Australia are a result of
unrealistic dust emissions associated with drier soil mois-
ture. Simulated AOTs are systematically smaller than
MODIS values over remote oceans. This is a common bias
with traditional GCMs although MODIS also may overes-
timate AOTs of sea salt due to possible cloud contamination
[Kaufman et al., 2005].

[8] A remarkable feature of Figure 1d is the detailed
spatial structure of CDR simulated especially over the
Tropics. This includes the mixture of large and small
particle sizes over central Africa, the north-south contrast
over Amazon basin, and the large values zonally found
along the ITCZ and the SPCZ. These features have been
difficult to simulate with traditional GCMs [e.g., Suzuki et
al., 2004]. The model shows, however, larger CDRs than
MODIS over Siberia where simulated AOTs are smaller
than MODIS values. These differences clearly point to the
need for an improved emission inventory and gas-to-particle
conversion processes. The simulated CDRs are also smaller
than MODIS at mid-to-high latitudes especially over remote
oceans. This difference could be reduced by improving rain
formation parameterization although satellite retrievals also
suffer from various errors [Kawamoto et al., 2001]. It is
noteworthy that the MODIS CDRs shown here are retrieved
from 3.7 pum radiances [Nakajima and Nakajima, 1995] and
are systematically smaller than those retrieved from 2.2 um
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Figure 2. Scatter plot of (a and d) LWP, (b and e) CDR and (c and f) data frequency as a function of Al obtained from
MODIS observations (Figures 2a, 2b and 2¢) and NICAM-SPRINTARS simulation (Figures 2d, 2e and 2f). Mean values
and standard deviation of LWP and CDR are shown as central points and vertical bars, respectively, for each Al bin
(Figures 2a, 2b, 2d and 2e). Relative changes of CDR normalized by the value at Al = 0.3 labeled on right axis are also
shown by dashed curves in corresponding colors to cloud types (Figures 2b and 2e).

radiances used for NASA standard product [e.g., Platnick et
al., 2003]. The 2.2 pm-derived CDRs have been known to
be systematically larger than in-situ observations of droplet
size distribution [e.g., Nakajima et al., 1991], and the
3.7 pm-derived CDRs lie within two different in-situ
measurements [Platnick and Valero, 1995]. The difference
in CDR between 2.2 um and 3.7 pum can reflect the in-cloud
vertical inhomogeneity [Nakajima and Nakajima, 1995].
This issue should be re-visited in comparison with the
model that also has an uncertainty in determining the cloud
top height as well as relatively coarse resolution and simple
microphysical scheme.

3.2. Aerosol-Cloud Correlation Statistics

[o] NICAM-SPRINTARS, incorporating the aerosol
effects on resolved explicit cloud processes, provides an
opportunity to investigate how the aerosol influences the
different types of clouds. We show in Figure 2 correlation
statistics of CDR and liquid water path (LWP) derived from
CDR and cloud optical thickness as a function of aerosol
index (Al) separately for different warm cloud types defined
by ISCCP [Rossow and Schiffer, 1999]. The data are
collected from the whole globe including land and ocean.
The Al defined as the product of AOT and the Angstrém
Exponent, better represents the column aerosol particle
number than does AOT [Nakajima et al., 2001; Bréon et
al., 2002], and determining Al < 0.01 from satellite mea-
surement is difficult due to uncertainties for AOT of about
0.015 [Remer et al., 2008]. Figures 2¢ and 2f illustrate over-
and under-estimate in population of light and moderate Al,
respectively.

[10] Figures 2a and 2d show encouragingly similar ten-
dencies between the modeled LWP and AI, and the

corresponding MODIS values although the modeled LWPs
are systematically larger than MODIS, which is common
with previous GCM studies [e.g., Quaas et al., 2004]. Both
modeled and observed LWPs slightly decrease with Al
especially for stratus and cumulus clouds. The correlation
between LWP and aerosol amount in previous studies varies
in sign and several possible mechanisms were suggested for
positive and negative correlations. The aerosol lifetime
effect is a candidate for explaining the positive correlations
found by Sekiguchi et al. [2003] and Quaas et al. [2004,
2008] although the positive correlations can also be formed
by hygroscopic growth of aerosols [Storelvmo et al., 2006;
Myhre et al., 2007]. In contrast to these studies, Matsui et
al. [2006] observationally reported a decreasing trend of
LWP with increasing Al similar to that of Figure 2. A
possible explanation for the negative correlation can be
provided by semi-direct effect [Hansen et al., 1997] as well
as by rain wash-out effect [Suzuki et al., 2004]. The
correlation patterns can actually be interpreted as formed
by a non-linear global balance between these positive and
negative tendencies associated with above mechanisms
[Suzuki et al., 2004]. The small negative correlations found
in Figures 2a and 2d suggest that the negative tendencies
slightly predominate the positive tendencies with different
extents depending on cloud types. It should be noted that
the correlation statistics may vary with how to sample the
data [e.g., Sekiguchi et al., 2003; Matsui et al., 2006], and
more regional analysis is also important in future studies.
[11] Figures 2b and 2e show similar negative correlations
of CDR with Al as expected from the first indirect effect.
The optically thinner types of clouds (stratocumulus and
cumulus) are, however, found to have smaller CDRs than
observed by MODIS. Relative changes of CDR with Al are
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Figure 3. (a and c) 7.-CDR plots for several places across the globe obtained from MODIS (Figure 3a) and NICAM-
SPRINTARS (Figure 3c). Mean values of CDR are shown in corresponding colors to region for each 1 K bin of 7 along
with r, = 14 um shown as vertical lines. (b and d) Scatter plot of 74 as a function of Al (see text for details) obtained from
MODIS (Figure 3b) and NICAM-SPRINTARS (Figure 3d). Mean values and standard deviations of 74 are shown as
central points and vertical bars, respectively, for each Al bin.

more similar between the model and MODIS with a
sensitivity of d In r/d In Al ~ —0.176 that is relatively
common among cloud types although of slightly different
sensitivities especially between cumulus and stratus clouds.
This tendency is represented oppositely by the model and
MODIS analysis although not clear due to large variability
of CDR indicated by long vertical bars.

3.3. Vertical Growth Pattern of Cloud Particle

[12] NICAM-SPRINTARS resolves convective motions
of cloud and aerosol particles and then provides the first
opportunity to use model data to analyze vertical growth
processes of cloud particles and their interactions with
acrosols on global scale. We present in Figures 3a and 3c
these model results in the form of 7.-CDR suggested by
Rosenfeld [2000] for comparison with MODIS observa-
tions. Figures 3a and 3c illustrate that the clouds chosen
from clean regions, i.e., central Pacific Ocean, Indian Ocean
and Northern Amazon, exhibit a rapid growth of CDR to
reach 14 pm in both MODIS and the model although of
different slopes implying different representations of parti-
cle growth rate. The clouds over polluted regions such as
East Asia, central Africa and Southern Amazon demonstrate
more suppressed particle growth. These features resemble
those obtained from previous observations by Rosenfeld
[2000].

[13] Figure 3b shows the comparison for global correla-
tions of 774 with Al separately for different ISCCP cloud
types. Negative correlations of 774 with AI > 0.03—-0.04
found in MODIS especially for stratus and stratocumulus
clouds suggest a global-scale suppression of liquid particle

growth by aerosols, consistent with a previous observational
study [Sekiguchi et al., 2003]. The T4 of cumulus clouds
show systematically lower values and are more independent
of Al. Figure 3d shows that the model reproduces the
negative correlations of 74 with Al for stratus and strato-
cumulus clouds although stratocumulus shows lower 74
values than MODIS, reflecting the smaller simulated CDRs
than MODIS for stratocumulus. The simulated 7,4 for
cumulus clouds tends to be independent of Al consistently
with MODIS although of smaller absolute values due to
smaller CDRs.

4. Conclusion

[14] This paper highlights the simulated results of aerosol
interactions with liquid clouds using a global cloud-system-
resolving model coupled with an aerosol transport model
based on horizontal resolution of 7 km. The model, for the
first time, resolves the vertical growth of cloud particles due
to convective air motions coupled with aerosols on global
scale. It is demonstrated that the model simulates 7,-CDR
plot as well as detailed spatial structure of CDR and
correlation statistics of CDR and LWP with aerosols for
different cloud types. NICAM-SPRINTARS will further be
used in future studies for more detailed investigations of the
aerosol-cloud interactions reported here, including addition-
al studies of deep-convective clouds with aerosol effects on
ice-phase processes.
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