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1. Introduction
Clouds are recognized as a major source of

uncertainty in the assessment of climate change.
The radiative effect of clouds plays a fundamental
role in the climate system, and thus the cloud optical
property is a key factor for determining the cloud
radiative effect on climate. In this regard there have
been many previous remote sensing studies of the
cloud optical thickness and effective particle radius,
which are main parameters to determine the cloud
property, from aircraft measurement (Nakajima and
King, 1990; Nakajima et al., 1991; Asano et al.,
1995; Brenguier et al., 2000) and satellite image
analysis (Han et al., 1994; Nakajima and Nakajima,
1995; Kawamoto et al., 2001). These two
parameters, by their definitions, are determined by
the size distribution function of cloud particles and
thus strongly depend on the cloud microphysical
structure, which is recognized to depend on both
aerosol amount and dynamical condition (Matsui et
al., 2004). The combination of optical thickness and
effective radius, therefore, contains useful
information of the cloud particle growth process and
provides a key link between cloud radiative property
and microphysical characteristics of the cloud
system.

The correlation pattern between cloud optical
thickness and effective radius of low-level clouds
has been investigated by past several studies based
on remote sensing results (Han et al., 1994, 1998;
Asano et al., 1995; Boers and Rotstayn, 2001;
Nakajima and Nakajima, 1995; Kawamoto et al.,
2001; Szczodrak et al., 2001; Peng et al., 2002),
since Nakajima et al. (1991) discovered that these
optical parameters are positively correlated when
the cloud is not drizzling and negatively correlated
when the cloud includes a significant concentration
of drizzle droplets.
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The positive correlation for non-drizzling cloud
means that the cloud becomes optically thicker with
particle growth possible due to loss of the cloud
water by conversion to drizzle or rain water.
Nakajima and Nakajima (1995) investigated the
correlation patterns over the FIRE (First ISCCP
Regional Experiment) and ASTEX (Atlantic
Stratocumulus Transition Experiment) region, and
found that the correlation pattern seems to be
different between over these two regions. The FIRE
region has more negative correlation than the
ASTEX region, implying that drizzle-rich clouds are
dominant over the FIRE region.

The recent remote sensing study with combined
use of visible-infrared scanner (VIRS) and
microwave imager (TMI) aboard the TRMM satellite
retrieved two kinds of effective radius of water cloud
(Masunaga et al., 2002a,b; Matsui et al. 2004). One
is an effective radius near the cloud top re(top)
derived from the analysis of VIRS data based on the
traditional algorithm of Nakajima and King (1990).
Another is a column-averaged effective radius
re(column), which is determined from the
microwave-retrieved liquid water path and the
visible-derived optical thickness. The value of
re(column) thus determined contains the signal of
drizzle particles because the mass of drizzle
particles significantly contributes to the microwave-
derived liquid water path. The combination of re(top)
and re(column) enables us to get information of
vertical stratification of cloud particles. It is expected
that the value of re(column) is smaller than that of
re(top) for non-drizzling clouds because the cloud
particle tends to grow with height in such clouds. For
drizzling clouds, on the contrary, the value of
re(column) is greater than that of re(top) because
there tends to exist the significant concentration of
drizzle particles in lower layer of those clouds. In
fact the global distributions of re(column) and re(top)
retrieved from the TRMM analysis revealed the
climatology of warm clouds, which corresponds to
the climatology of rainfall (Masunaga et al., 2002b;
Matsui et al., 2004). Matsui et al. (2004) investigated
the scatter plot of re(top) and re(colulmn) obtained
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from the global analysis, and showed that these two
parameters are differently correlated for small and
large values of re(top). The value of re(column)
slowly increases with re(top) over the size range of
re(top) smaller than 15um, corresponding to non-
drizzling clouds, whereas the re(column) rapidly
increases with re(top) over the size range of re(top)
larger than 15µm, corresponding to drizzling clouds.
The transition of correlation curve of re(column) and
re(top) can be attributed to the difference in
dominant process responsible for particle growth
between non-drizzling and drizzling clouds.

Modeling study will be useful for investigating the
formation mechanisms of these correlation patterns
between effective radius and optical thickness and
also between re(top) and re(column). In this study we
performed numerical experiments with a non-
hydrostatic spectral microphysics cloud model to
simulate the correlation patterns. Because the
spectral microphysics cloud model explicitly predicts
the size distribution function of cloud particles, the
simulated results provides us with detailed insight
into the mechanisms underlying the correlation
patterns.

2. Model simulation
In order to investigate the cloud microphysical

processes in detail we adopted the non-hydrostatic
spectral bin cloud microphysics model, which has
been reconstructed from the original model of Khain
and Sednev (1996) and Khain et al. (2004). In this
model the size distribution function of liquid cloud
particles f(m,t) is explicitly predicted taking into
account the various microphysical processes, i.e.
nucleation from aerosol, condensational growth and
collision-coagulation process.

The nucleation process is calculated from the
size distribution function of hygroscopic aerosols,
which is also predicted in the model. We prepared
20 bins ranging from 0.01µm to 1µm for aerosol size
spectra and 60 bins from 3µm to 3000µm for cloud
particle size spectra. The part of aerosol population
greater than the critical size is activated to grow into
cloud particles. This critical radius of aerosol is
calculated from the supersaturation according to the
Kohler theory. The sulfate aerosol (ammonium
sulfate) was assumed for chemical species in the
simulation. The number concentration of aerosols
beyond the critical size is added to the minimum
size bin of cloud particle (3µm). The number of
aerosols belonging to size bins greater than the
critical size becomes zero after the nucleation.

The nucleated cloud particle grows by
condensation and collision-coagulation processes in

the model. The prognostic equation for cloud size
spectra by these processes is given as (e.g. Rogers
and Yau, 1989)
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where m denotes the mass of a cloud particle and t
denotes the time. The first term on the right hand
side represents the condensation process, and the
second and third terms represent the collision-
coagulation process. The growth speed of
condensation is determined by supersaturation S as
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where r denotes the particle radius and G(p,T) is a
function of pressure p and temperature T given as
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where L, Rv, K, D and e*(T) are the latent heat, gas
constant for water vapor, thermal conductivity,
diffusion coefficient for water vapor and saturation
vapor pressure at temperature T, respectively. The
growth speed is positive (condensation) when the
supersaturation S is positive and negative
(evaporation) when the supersaturation S is
negative. The supersaturation S is determined from
the balance between condensation or evaporation
and cooling of air by upward motion. The collection
kernel function K(m1,m2) for the collision-
coagulation process is assumed to have the form
suggested by Long (1974), according to which the
collision-coagulation process is active only when the
size of larger particles exceeds 50µm. In the present
model we adopt the numerical schemes of Bott
(1989) for calculating the condensation process and
Bott (1998) for collision-coagulation process
because of their numerical stability, conservative
property and positive definiteness. The gravitational
settling process for liquid water particles is also
incorporated into the model by assuming the
terminal fall velocity as a function of particle size.

We perform a two-dimensional numerical
experiment to generate a low-level water cloud by
giving a horizontally homogeneous initial condition



with the stable layer above around 1km and
convectively unstable layer in lower atmosphere.
The vertical shear of horizontal wind is also given in
the initial condition. We initially assume the Junge-
type size distribution function for aerosol particle as
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where r0 = 0.1µm and f0 (z) is given as an
exponential decay profile as
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where fsfc and H denote the value of f0 at ground
level and the scale height, respectively. We
assumed the various values of fsfc ranging from
fsfc=105 m-3 to 107 m-3 for investigating the aerosol
effect on the cloud property, and the scale height H
was set to 1km. Values of fsfc=105 m-3 and 107 m-3

approximately correspond to aerosol number
concentration of na=108 m-3 and 1010 m-3,
respectively, and also to column aerosol particle
numbers of Na=1011 m-2 and 1013 m-2, respectively,
with the 1 km scale height. A warm-bubble is initially
located to trigger convection and cloud formation.
The computational domain is set as 30km in
horizontal and 5km in vertical, and the resolutions
are 500m in horizontal and 50m in vertical.

We divide the cloud size distribution ranging
from 3µm to 3000µm into three parts, i.e. 3-30µm,
30-300µm and 300-3000µm, and represent each
range as cloud, drizzle, and rain water part,
respectively. The mass concentrations of cloud,
drizzle, and rain can be calculated by integrating the
simulated size distribution over these ranges. Also,
we explicitly calculate the optical thickness and
effective radius from the simulated size distribution
function f (x,z,r) for each grid point (x,z) by their
definitions as
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where Qext is the extinction coefficient factor and
equals to 2 in good approximation for cloud particles,
and zB and zT denotes the cloud base and cloud top,
respectively. Because the remotely sensed value of
re is largely determined by the size of cloud particles
in the upper layer of the total optical thickness

(Nakajima and King, 1990), we adopt the calculated
value of re at the equivalent height with the remote
sensing. We determine the equivalent height by the
method described in Nakajima and King (1990)
except for the expression of the diffusion exponent
at 3.7µm developed by Nakajima and Nakajima
(1995) for comparing with their results.

We also calculated the column-averaged
effective radius in same manner as satellite remote
sensing works (Masunaga et al., 2002b; Matsui et
al., 2004) as follows:
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2
3
1
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W
τ c

,

where W denotes the microwave-retrieved liquid
water path, which is calculated in the model as
follows:

W = ρw
4
3
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where ρw denotes a liquid water density. Because W
thus calculated contains the mass of drizzle water,
re(column) has the signal of drizzle particles.

3. Result and Discussion
Figure 1 shows a scatter plot of effective

radius and optical thickness obtained from the
simulation. The value of fsfc, assumed in equation (2),
is changed from fsfc=105 m-3 to fsfc= 107 m-3.,
approximately corresponding to na=108 m-3 and 1010

m-3, respectively. Simulated results for the condition
of na smaller than 109 m-3 (pristine condition) are
shown in the upper panel of Figure 1 and the results
for na greater than 109 m-3 (polluted condition) are
shown in the lower panel of Figure 1. Each point in
Figure 1 represents the cloud state at a particular
time and a particular spatial grid.

There is a distinctive difference between the
simulated scatter plots for pristine and polluted
conditions. The scatter plot for pristine condition
(Figure 1 upper panel) has a large portion of
negative correlation with only a small part of positive
correlation, whereas the scatter plot for polluted
condition (Figure 1 lower panel) has only a positive
correlation branch. Former and latter features
closely resemble the observed characteristics over
FIRE and ASTEX regions, respectively, obtained
from satellite remote sensing by Nakajima and
Nakajima (1995).



Fig.1: Scatter plots of effective radius and optical
thickness obtained from the simulation for pristine
(upper panel) and polluted (lower panel) air
condition.

The scatter plot for pristine condition shown in
the upper panel of Figure 1 is characterized by a
large portion of negative correlation with lack of
positive correlation part except for a small segment.
These characteristics are very similar to those
observed over the FIRE region off California by
Nakajima and Nakajima (1995). In this case the
cloud becomes optically thicker with particle growth
indicated by the small part of positive correlation at
the early stage before drizzling, followed by active
formation of drizzle particles illustrated by the large
portion of negative correlation.

In the polluted case shown in the lower panel of
Figure 1, on the contrary, only a positive correlation
is found, indicating that non-drizzling clouds are
dominant in this case. Under the polluted condition,
abundant aerosol particles produce numerous cloud
particles and the super saturation is limited to lower
values due to large consumption of water vapor by
condensation of numerous cloud particles. The low
value of supersaturation delays the condensational
growth as given by equation (1) and thus the cloud
particle cannot reach a size enough to activate the
collision-coagulation process. This is the reason
why we have only the positive correlation branch for

polluted condition. This positively correlated feature
is also found in the scatter plot obtained from
satellite observation over ASTEX region of North
Atlantic Ocean by Nakajima and Nakajima (1995).

It is concluded from the above discussion that
the correlation pattern between optical thickness
and effective radius is significantly affected by
aerosol amount and the simulated correlation
patterns for pristine and polluted condition have
closely similar features to satellite observation over
FIRE and ASTEX regions, respectively. This fact
suggests that the satellite-observed difference in re-
τc correlation pattern between FIRE and ASTEX
regions can be explained by a difference in the
aerosol amount over these regions. In fact it is
known from satellite observation of aerosols (e.g.
Husar et al., 1997; Higurashi and Nakajima, 1999)
that the aerosol amount over FIRE and ASTEX
region is distinctively different, that is, the FIRE
region is comparatively pristine and the ASTEX
region is polluted. Such difference in the aerosol
burden causes the different growth patterns of cloud
particles as depicted by the contrast of re-τc

correlation patterns in our model simulation.
We also investigated the correlation pattern

between column-averaged effective radius
re(column) and the effective radius near the cloud
top re(top) as shown in Figure 2. It is illustrated in
Figure 2 that the re(column) generally tends to
increase with re(top) as expected from the particle
growth process.

Fig. 2: Scatter plot of re(column) and re(top) obtained
from the simulation.

The remarkable feature found in Figure 2 is a
transition of correlation curve, that is, the slow
increase in re(column) with re(top) over the range of
small particles of re(top) < 15µm and the rapid
increase in re(column) with re(top) over the range of



large particles of re(top) > 15µm. The slow increase
region for re(top) < 15µm is formed by
condensational growth process, which is dominant
in non-drizzling clouds, and the tendency of rapid
increase for re(top) > 15µm is formed by collision-
coagulation growth process, which is dominant in
drizzling clouds. This transitional feature found in
the simulated correlation curve between re(column)
and re(top) is similar to the observed characteristics
obtained from the satellite remote sensing works by
Matsui et al. (2004). They investigated a global
statistics of re(column) and re(top) derived from the
TRMM analysis and found the transition of
correlation curve around re(top)=15µm, similar to
our model result shown in Figure 2.

4. Conclusion
In this study we performed the numerical

simulation of water cloud optical properties with a
spectral bin microphysics cloud model, and
investigated the correlation pattern between
effective radius and optical thickness. It was
revealed that the simulated re-τc correlation pattern
is significantly affected by aerosol amount. The
correlation pattern for pristine condition resembles
the satellite-observed one over FIRE region off
California, in which the negative correlation is
dominant, accompanied by a small portion of
positive correlation. The simulated correlation for
polluted condition, on the contrary, reproduced the
similar feature to satellite observation over ASTEX
region of North Atlantic Ocean, dominated by
positive correlation. It is suggested that the
observed difference in the re-τc correlation pattern
can be interpreted as the manifestation of difference
in cloud microstructure induced by the different
aerosol amount over these regions.

We also simulated the correlation pattern
between column-averaged effective radius
re(column) and the effective radius near the cloud
top re(top). The transition of correlation curve around
the critical value of re(top)=15µm is simulated similar
to the satellite-observed feature obtained by TRMM
global analysis. It is implied that the satellite-
observed correlation pattern between re(column)
and re(top) is a global manifestation of particle
growth process.
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