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MARINE STRATOCUMULUS 
Warm clouds (which include marine stratocumulus 
(Sc)) make significant influence on radiation budget 

of earth’s climate. 

Radiative properties of cloud are characterized 

cloud optical parameter like Cloud effective radius 

(reff) and optical thickness (COT).  

COT and reff are observed by satellite and aircraft 

(e.g. Han et al. 1994, Kawamoto et al. 2001, Brenguier 

et al. 2001). 

 
homogeneous trade-wind convection. However, those studies also
found that in conditions with higher aerosol optical depth the clouds
rainmore, not less, and that the ambient low-level winds are stronger.
The interpretation is that stronger surface winds favour more surface
evaporation and sea spray, and a deeper and more humid cloud
layer21,23,33. The deeper clouds favour the production of more rain,
whereas the more humid layer, combined with the greater sea-spray
aerosol, leads to a higher aerosol optical depth.

Many of the above issues are being addressed, but the uncertain
relationship between the statistics of the cloud field and the ambient
meteorological environment (which has come to be known as the
‘cloud problem’34) confounds attempts to interpret the data. The
cloud problem means that, when it comes to clouds, we do not know
what the implications of a small change are and, hence, cannot control
for meteorological effects on clouds35. This problem is compounded
by the tendency of the aerosol to correlate strongly with meteoro-
logical conditions36. Correlations arise because the meteorology and
the aerosol burden depend strongly on the air-mass history37, because
radiative effects of the aerosol can alter the meteorological properties
of the air mass in which it is embedded and because cloud processes
exert a strong control on the aerosol38,39.

Global modelling
Wenow consider what global climatemodels teach us about the inter-
action between clouds and the aerosol on large scales. Attempts to
quantify cloud-mediated aerosol effects using global models date back
more than a decade40, with estimates of the radiative forcing ranging
from near zero to as much as 24Wm22. Separating lifetime effects
from other cloud-mediated aerosol effects is difficult but studies that
attempt to do so suggest that lifetime effects alone are responsible for a
forcing of between 20.3 and 21.3Wm22 (ref. 41). Such estimates,

however, should not be interpreted as a manifestation of physical
constraints, both because processes that may generate positive forcing
(usually involving ice) are only beginning to be incorporated12,41 and
becausemodels are tuned to preclude estimates of the cloud-mediated
cloud radiative forcing that are too high42.

By using satellite data to rescale relations that emerge from an
ensemble of models several studies have argued for weaker cloud-
mediated aerosol effects43. Such arguments are consistent with recent
(purely observational) estimates that limit the total aerosol forcing to
21.2Wm22 (ref. 44), which is significantly smaller than previous esti-
mates45, but they have not advanced our understanding of aerosol–
cloud interactions, nor reduced our level of uncertainty.

The main challenge for model-based estimates of cloud lifetime
effects is to extract a credible prediction from models whose repre-
sentations of clouds, and cloudmicrophysical processes, are known to
have serious deficiencies. Regional and global models systematically
misrepresent the distribution of clouds, especially shallow maritime
clouds. This, again, is the cloudproblem, as even after averaging across
models that have been tuned to satisfy global energy constraints, sys-
tematic regional biases in cloud radiative forcing remain and can be as
large as 50Wm22 across planetary (1,000-km) scales. Furthermore,
studies so far incorporate only a portion of our understanding of
cloud microphysical processes42,46, and the choice of which physical
processes to model often reflects what can practicably be introduced
into the model as much as it reflects our understanding of what is
physically important12,42. For these reasons, and because lifetime
effects depend critically on the interplay of uncertainly parameterized
physical processes, global model-based estimates of lifetime effects
remain controversial, and very likely underestimate our true level of
uncertainty47.

A buffered system
The effect of the anthropogenic aerosol on clouds and precipitation
often proves difficult to establish. To find outwhy this is, considerable
effort has been devoted to understanding the chain of events en-
compassed by lifetime hypotheses (see, for example, Fig. 3). As we
review below, evidence continues to mount that couplings necessary
to evaluate lifetime effects are sensitive to the details of their repre-
sentation as well as to the state of the system as mediated by other
couplings, which themselves are often poorly understood48. This
means that changes in the system in isolation may be cancelled, or
compensated for, by an opposing change that becomes evident when
the system is looked at as a whole.

The tendency for a change in one process in a complex system to be
compensated for by the response of another is often described as a
negative feedback on the system scale. Formally, however, the concept
of feedback implies that the output of a system modifies the input.
Because this is not the case in many of the examples we cite, we prefer
to speak of buffering, wherein different paths to a specific end buffer
the system against disruptions to any particular path. Our use of the
term is consistent with its colloquial meaning, as it conveys the sense
that the response of a system to a forcing is weaker than would have
been expected had internal mechanisms—which absorb the impact of
the forcing, and hence buffer the system—not been accounted for.
Microphysical buffers. On the scale of individual cloud droplets (the
microphysical scale), buffering is a-priori expected to reduce the
strength of the coupling between the aerosol and cloud microstruc-
ture on the one hand, and between cloudmicro- andmacrostructure
on the other. Microphysical buffering in the first sense is familiar in
terms of the process of activation of aerosol particles to form cloud
droplets. It has long been understood that changes in the size distri-
bution or composition of cloud-active aerosol, which in the absence
of other effects lead to fewer cloud droplets, also result in locally
higher supersaturation. This tends to counter, or partially compens-
ate for, the initial changes by allowing smaller condensation nuclei to
be activated49. Such effects are evident in the sublinear dependence of
cloud droplet concentrations on aerosol number50–52. Conversely,

Thin closed-cellular
stratocumulus convection

Ship tracks brightening
clouds (albedo effect?)

Open-cellular convection

Ship tracks !lling open 
cells (lifetime effect?)

Thick closed-cellular
stratocumulus convection

Figure 2 | Satellite image of the northeast Pacific Ocean showing ship
tracks, both in thin closed-cellular stratocumulus regions and in open-
cellular regions. The southern Californian coastline is visible in the upper-
right corner. Open-cellular regions are characterized by clouds in a lace-like
network. Closed-cellular regions have a higher albedo and a finer
granulation. Recent work has shown regions of open cells to be associated
with precipitation and depleted aerosol, although the origins of such features
are unclear. At times, closed cells can be embedded in broader regions of
open cells, in which case they are referred to as pockets of open cells. Such
features, although not clearly evident here, suggest that both states are
possible for a given large-scale meteorological environment. Adapted with
permission from NASA.
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Nakajima et al. (1991) : Air-craft observation in FIRE region 

•! Positive correlation ⇒ non-drizzling clouds 

•! Negative correlation ⇒ drizzling clouds 

Nakajima and Nakajima (1995): Satellite observation (in FIRE region) 

 Correlation pattern reflects growth stage of cloud 

 

The difference of the pattern have important implications for 
radiative characteristics of cloud. 

⇒It is important to understand this pattern. 
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PREVIOUS MODELING STUDY (SUZUKI ET AL. 2006, 2010) 

These results are obtained from coarse grid (500m) 
two-dimensional, isolated cloud modeling 

for the most unstable case (Fig. 10c). These results sug-
gest that the change in dynamical stability condition
tends to change the amplitude of the correlation plot
through the change in liquid water path W without sig-
nificantly changing the correlation patterns between CDR
and COT.

c. Aerosol effects

Figure 11 shows the results from the sensitivity exper-
iment of changing the aerosol amount by changing the
parameter fsfc from 105 to 106 m23 for the ‘‘pristine’’ case
(Fig. 11a), from 106 to 107 m23 for the ‘‘moderate’’ case
(Fig. 11b) and from 107 to 108 m23 for the ‘‘polluted’’
case (Fig. 11c). These ranges of fsfc values roughly cor-
respond to surface aerosol number concentrations na
of about 107–108, 108–109, and 109–1010 m23, respectively,
and to column aerosol particle numbers Na of about
1010–1011, 1011–1012, and 1012–1013 m22, respectively. The
dynamical stability condition was assumed to be G1 5
8.0 K km21 for these experiments. These figures also in-
clude the theoretical relationships between CDR and
COT for specified values of Nc and W given from the
adiabatic growth model [(12) and (13)].
Figure 11 indicates that the CDR–COT relationship is

significantly modified with the change in aerosol amount.
The least squares fitting of the relationship re } tbc to the
scatterplots resulted in values of b of20.024, 0.0013, and
0.03 for the clean, moderate, and polluted cases, respec-
tively, demonstrating a change in correlation pattern
between CDR and COT. It is also found that the scat-
terplot for the pristine condition (Fig. 11a) is located
around larger values of CDR and relatively smaller
values of COT compared to those for the moderate and
polluted conditions (Figs. 11b and 11c) that are located
around smaller values of CDRand reach larger values of
COT. The more polluted case (Fig. 11c) tends to have
smaller CDR values than the moderate case (Fig. 11b).
This systematic change in scatterplot is found to corre-
spond to the change in number concentrationNc implied
from the adiabatic model: more polluted cases corre-
spond to larger values of Nc. This change in CDR–COT
plot is also found to occur in accordance with a constant
value ofW implied from the adiabaticmodel, which tends
not to be affected by aerosol amount. These results sug-
gest that the modification of the CDR–COT correla-
tion plot with aerosols takes place through the change in
particle number concentration Nc without significantly
changing the liquid water path W.
It is worth noting that the plot shown in Fig. 11c is

confined to CDR less than about 15 mm and the lower
edge of the plot roughly follows the condensational
growth curve (12) corresponding toNc5 300 cm23. This
feature can be understood in terms of the nonlinear

FIG. 11. Scatterplot between effective radius and optical thick-
ness obtained from the simulation for (a) pristine, (b) moderate,
and (c) polluted air conditions. The theoretical relationships (12)
and (13) for specified values of Nc and W are also shown for ref-
erence as solid and dashed curves, respectively.
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Equations (9) and (11) demonstrate that re(H) and tc are
related through the parametersNc andH as discussed by
previous studies (e.g., Brenguier et al. 2000; Szczodrak
et al. 2001). The parameter H can be replaced with W
since these two quantities are uniquely related through
(10); thus, (9) and (11) can be rewritten in terms of Nc

and W as
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These formulas provide theoretical relationships between
re(H) and tc under constant values of Nc and W as
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The relationship (12) for specified values of Nc is shown
as solid curves in Figs. 10 and 11 and represents theo-
retical growth curves through the condensation process
for those values ofNc. The value ofW, which determines
the relationship (13) shown as dotted curves in Figs. 10
and 11, represents the vertical extent that the cloud layer
reaches. The theoretical curve (13) corresponding to
larger value of W is then expected to trace the plot for
more dynamically unstable conditions.

b. Dynamical effects

Figure 10 shows the CDR–COT scatterplots obtained
from the sensitivity experiment of changing G1 as G1 5
7.5 (Fig. 10a), 8.0 (Fig. 10b), and 8.5 K km21 (Fig. 10c).
These results are obtained from the simulation with
aerosol amount fsfc ranging from 7.8 3 105 to 1.8 3
106 m23 approximately corresponding toNa ; 1012 m22.
These plots are overlaid on the theoretical relationships
betweenCDR andCOT for specified values ofNc andW
given by (12) and (13).
Figure 10 indicates that the scatterplot is confined to

the area ofCOT, 40 under the stable condition (Fig. 10a),
whereas the maximum COT reaches about 120 under the
unstable condition (Fig. 10c) without significant change
in CDR values. It is also found that the CDR–COT
correlation patterns are not significantly changed by the
change in dynamical condition. The implied values ofW
observed by these plots are aboutW, 300 g m22 for the
stable case (Fig. 10a) and tend to increase for more un-
stable cases, reaching the values larger than 1000 g m22

FIG. 10. Scatterplot between effective radius and optical thick-
ness obtained from the simulation for G 5 (a) 7.5, (b) 8.0, and (c)
8.5 K km21. The theoretical relationships (12) and (13) for speci-
fied values of Nc and W are also shown for reference as solid and
dashed curves, respectively.
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•! Investigate effects of aerosol and stability on the pattern 

by three dimensional real type simulation for wide 

calculation domain. 

problem 

1.! High resolution is needed to represent Sc 

2.! Computational cost of spectral bin model is too 

large to do wide area simulation with high resolution.  

PURPOSE 

Strategy 

1.! Investigate effects of resolution on the pattern by 

idealized simulation for relatively narrow calculation 

domain. 

2.! Investigate effects of aerosol amount and stability on 

the pattern by real type, three dimensional spectral 

bin model for wide area. 
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MODEL DESCRIPTION 
Model [ JMANHM+HUCM (Iguchi et al., 2008) ] 

Dynamics : JMANHM (Saito et al., 2001, 2006) 

Turbulence : Deadroff (1980) 

Cloud Microphysics :  

•! HUCM (spectral bin) (Khain et al., 2000)+Aero 5 version (Choi, 2010) 

•! nucleation, condensation/evaporation, collision (only warm cloud) 

Radiation : Simple scheme (Stevens et al. 2005) 

Regeneration of aerosol (Feingold, 1996) 
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EXPERIMENTAL SET 
(BASED ON DYCOMS-II RF02) 

Experimental set 

Calculation domain : 30 km ! 30km ! 1.5 km 

Grid resolution : 50m (horizontal), 20m (vertical)  

Aerosol chemical component and amount: Sulfate (500cc-1) 

Calculation time : 8 hour (dt=0.5 s for dynamics) 

Surface flux : 16 Wm-2 (latent), 93 Wm-2 (sensible) 

Large scale subsidence : 3.75!10-6 s-1 

Initial dynamical condition : 

  Based on DYCOMS-II RF02 model study (Ackermann et al., 2009) 

 

Difference from Ackermann et al.(2009) : Wide calculation domain, 
no general wind  

 

Sensitivity experiment : 

1.! Grid resolution(50m, 100m, 300m, 500m) 

2.! Inversion height (800m, 600m) 

3.! Aerosol amount (60 cc-1 (Pristine), 500 cc-1 (Polluted)) 
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SENSITIVITY FOR AEROSOL AMOUNT AND INVERSION HEIGHT 
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FROM IDEALIZED STUDY 
•! Grid resolution can affect the correlation pattern. 

•! In spite of this effect, response of the correlation pattern to 

aerosol amount and inversion height is not dependent upon 

resolution. 
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EXPERIMENTAL SET 

GTOPO-30 
Topography 
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SENSITIVITY OF AEROSOL 
CONCENTRATION 

Cloud Optical Thickness 
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CORRELATION PATTERN BETWEEN OPTICAL 
THICKNESS AND EFFECTIVE RADIUS 
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SENSITIVITY TEST OF INVERSION HEIGHT 
Cloud Optical Thickness 

Hi[m] Hi+500[m] Hi+300[m] 
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CORRELATION PATTERN BETWEEN OPTICAL 
THICKNESS AND EFFECTIVE RADIUS 
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OPTICAL THICKNESS DIVIDED 100 CC-1 
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OUTLINE 
1.! Introduction 

2.! Idealized experiment 

3.! Downscaling simulation 

4.! conclusion 



CONCLUSION 
•! Three-dimensional simulation conducted to represent the 

correlation pattern between reff and !. 

•! Resolution of grid affect the correlation pattern, but 
response of the pattern to aerosol amount and inversion 

height is not dependent upon resolution 

•! Responses of the pattern to aerosol amount and inversion 

height are same as that in previous study (Suzuki et al. 

2010) 

•! The pattern consist of several type of clouds whose 

characteristics is different from each other. 

•! It is seemed that the pattern observed from satellite also 

consists several type of clouds.   


