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ABSTRACT

The indirect effect of aerosols was simulated by a GCM for nonconvective water clouds and was compared
with remote sensing results from the Advanced Very High Resolution Radiometer (AVHRR) satellite-borne
sensor for January, April, July, and October of 1990.

The simulated global distribution of cloud droplet radius showed a land—sea contrast and a characteristic
feature along the coastal region similar to the AVHRR results, although cloud droplet radii from GCM calculations
and AVHRR retrievals were different over tropical marine regions due to a lack of calculation of cloud—aerosol
interaction for convective clouds in the present model and also due to a possible error in the satellite retrieval
caused by cirrus and broken cloud contamination. The simulated dependence of the cloud properties on the
column aerosol particle number was also consistent with the statistics obtained by the AVHRR remote sensing
when a parameterization with the aerosol lifetime effect was incorporated in the simulation. The global average
of the simulated liquid water path based on the parameterization with the aerosol lifetime effect showed an
insignificant dependence on the aerosol particle number as a result of a global balance of the lifetime effect and
the wash-out effect. This dependence was contrary to the results of simulations based on the Sundqvist’s
parameterization without aerosol lifetime effect; that is, the simulated cloud liquid water path showed a decreasing
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tendency with the aerosol particle number reflecting only the wash-out effect.

1. Introduction

Clouds play an important role in the earth’s climate
through their effect on the atmospheric radiative pro-
cesses and the global hydrologic cycle. One of the im-
portant properties of clouds significant for the climatic
effect is their microphysical structure, because this de-
termines the cloud optical properties and the precipi-
tation production efficiency of the cloud system. It has
been known since the 1950s that clouds over land and
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ocean have systematically different microphysical struc-
tures associated with different abundances of aerosols
acting as cloud condensation nuclei (CCN; Squires
1958) as well as with the difference in the dynamical
condition. Two kinds of indirect effects of atmospheric
aerosols acting as CCN have been recognized to modify
the cloud microphysical and radiative properties. One
is the so-called Twomey effect or the first kind of in-
direct effect in which an increase in the aerosol particle
number concentration causes an increase in the cloud
droplet number concentration and a reduction in the
droplet radius when the cloud liquid water path is as-
sumed constant. The increase in the cloud particle num-
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ber further induces an increase in the cloud optical thick-
ness and hence the cloud reflectivity (Twomey 1974).
The other effect is the so-called lifetime effect or the
second kind of indirect effect in which smaller cloud
droplets have a longer lifetime before growing into rain-
drops, leading to an enhancement of the cloud liquid
water path. The aerosol-induced reduction in the cloud
droplet size is followed by suppression of rainfall pro-
duction from the cloud and reduced scavenging effi-
ciency of the aerosols (Albrecht 1989).

Large scale signatures of the aerosol effects on cloud
optical properties have been observed in the ship trail
cloud phenomenon and in the cloud modification by
outflow of continental airmasses over coastal regions
(Conover 1966; Coakley et al. 1987; Radke et al. 1989;
Nakajima and Nakajima 1995). They found that marine
cloud reflectivity was enhanced along the ship trajectory
and in the continental air flow due to the indirect effect
of aerosols resulting from the input of large amounts of
CCN into the clean maritime atmosphere. Smoke aero-
sol particles emitted by biomass burning have also been
detected to produce an influence on the cloud optical
properties over land as pointed out by Kaufman and
Nakajima (1993) for thick clouds and Kaufman and
Fraser (1997) for thin clouds. The global features of the
land—ocean contrast of cloud optical properties have
been revealed by Han et al. (1994) from Advanced Very
High Resolution Radiometers (AVHRR) global analy-
sis. More recently, aerosol impacts on the precipitation
efficiency of cloud system have also been observed with
the Tropical Rainfall Measuring Mission (TRMM). Ro-
senfeld (1999) reported that the rainfall from tropical
convective clouds was inhibited by forest fire smoke
over Indonesia and provided the first direct evidence of
the effect of aerosols on the precipitation from convec-
tive clouds. Similarly, urban and industrial air pollution
was also detected to suppress precipitation (Rosenfeld
2000). Masunaga et al. (2002) have pointed out that the
vertical stratification of the effective particle radius is
significantly modified by the CCN amount.

The above discussion suggests that the human-in-
duced increase in aerosols has produced a significant
change in the cloud microphysical structure. The radi-
ative forcing of the anthropogenic indirect effect has
been considered to be comparable to but with the op-
posite sign of the manmade greenhouse gas forcing
(Twomey et al. 1984; Charlson et al. 1992). The indirect
radiative forcing of anthropogenic aerosols, therefore,
needs to be evaluated quantitatively in order to under-
stand and predict global climate change. Some attempts
to estimate the aerosol indirect forcing with general cir-
culation models (GCM) have been made in the last sev-
eral years (Jones et al. 1994; Boucher and Lohmann

1995; Jones and Slingo 1996; Chuang et al. 1997; Loh-
mann and Feichter 1997; Rotstayn 1999; Lohmann et
al. 2000). Satisfactory estimates, however, have not yet
been achieved. The radiative forcing of the first kind of
indirect effect ranges from 0 to —2 W m 2 (Houghton
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et al. 1996, 2001), and the second kind of effect has
been hardly understood. Uncertainty in the estimate can
be attributed to the problems and ambiguities regarding
the treatment of aerosols and clouds in the models.

Motivated by this difficulty in understanding the aero-
sol indirect effect, several observational research proj-
ects on this issue have been developed. Han et al. (2002)
investigated the correlation between cloud liquid water
path and cloud droplet number concentration based on
global satellite-retrieved data to find three different be-
haviors of positive, neutral, and negative correlations
between the two parameters. They suggested that the
negative correlation is associated with reduction of wa-
ter vapor supply and cloud liquid water when clouds
are decoupled from the boundary layer. Wetzel and
Stowe (1999) showed that the cloud droplet size from
AVHRR observations is inversely correlated with the
aerosol optical thickness over the global ocean, sug-
gesting the critical value of aerosol optical thickness
above which the cloud properties did not change. More
recently, Nakajima et al. (2001) analyzed AVHRR-re-
trieved cloud and aerosol microphysical parameters over
the global ocean. They found that the cloud particle
effective radius and the cloud optical thickness have
negative and positive correlations with the column aero-
sol particle number, respectively, while the liquid water
content is approximately constant and independent of
the aerosol particle number on a global scale.

There were studies relating the satellite-derived cloud
properties with model-calculated aerosol amount. Cha-
meides et al. (2002) examined the correlation between
cloud optical depths derived from the International Sat-
ellite Cloud Climatology Project (ISCCP) and aerosol
burden calculated by a regional climate/chemical trans-
port model over East Asia and found a similarity in the
distributions of model-calculated anthropogenic aero-
sols and ISCCP-derived cloud optical depths. Schwartz
et al. (2002) made an effort to detect the enhancement
of cloud optical properties caused by aerosols by in-
vestigating how the cloud optical depth or albedo de-
pends on liquid water path using model-calculated sul-
fate loading in mid-North Atlantic region.

These researches have thrown a light on the mech-
anism of the aerosol and cloud interaction phenomena,
but to our knowledge there has been no full comparison
between satellite-derived aerosol—cloud interaction
global statistics with the corresponding statistics sim-
ulated by a global model implemented with the aerosol—
cloud interaction process. In the present study, we re-
investigated the results by Nakajima et al. (2001) by
comparing those observed aerosol and cloud parameters
with simulated values from the Center for Climate Sys-
tem Research (CCSR)/National Institute for Environ-
mental Studies (NIES) atmospheric general circulation
model (AGCM) that has been implemented with a new
parameterization of cloud—aerosol interaction. The mod-
el used in this study is described in section 2, where
the conditions and design of the simulation are also
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TABLE 1. Particle density and radius of sulfate and carbonaceous aerosols assumed for calculation of aerosol particle number
concentration.

Species Sulfate Carbonaceous
Origin Forest fire  Forest fire (other)  Fossil fuel Fuel wood Agriculture Terpene
(tropical)
Density (g cm™3) 1.769 1.473 1.468 1.442 1.462 1.468 1.5 |
T
Radius (um) 0.07 0.1

presented. Satellite-derived data are introduced in sec-
tion 3. Section 4 presents the simulated results to be
compared with the satellite observation. Discussion and
conclusions are given in sections 5 and 6, respectively.

2. Model simulation

The GCM used in this study is the CCSR/NIES
AGCM (Numaguti 1993; Numaguti et al. 1995). A. Nu-
maguti (1999, personal communication) has updated the
model to introduce the aerosol indirect effect into the
condensation process representing nonconvective
clouds whose temperature is above 273 K, whereas con-
vective clouds including those whose top is lower than
273 K isotherm level or ice clouds are simulated without
the aerosol effect. Detailed description of how the aero-
sol indirect effect was incorporated into the model is
presented below.

In the present model, the number concentration of
aerosol particles acting as CCN at each model level,
n,(z), is used for calculating the cloud droplet number
concentration n_(z) at the corresponding level. The glob-
al distribution of n,(z) used in this study was calculated
by the global three-dimensional aerosol transport model
Spectral Radiation-Transport Model for Aerosol Species
(SPRINTARS), developed by Takemura et al. (2000,
2002), which simultaneously treats all the major aerosol
species, that is, sulfate, carbonaceous, sea salt, and min-
eral dust aerosols. This aerosol model has been imple-
mented in the CCSR/NIES AGCM. The aerosol number
concentration n,(z) is given as the sum of contributions
from sulfate, carbonaceous and sea salt aerosols:

nu(z) = n\‘ulfule(z) + ncurhnn(z) + nsc:lsull(z)'

Mineral dust is excluded from the evaluation of n,(z)
because dust itself is insoluble and regarded as ineffec-
tive as CCN, although mixture with other aerosol spe-
cies such as sulfate or carbonaceous may provide CCN.
Simplified treatment of dust aerosol can be a source of
error for inferring the cloud particle radius since dust
aerosol is abundant in mass concentration in the at-
mosphere. The number concentration of sulfate aerosol
tYpPe Ny (2) is evaluated as

p(2)q.(2)

ns‘u ate ) = 4
sulfat ( ) ps'47T}"}'/3

where p(z) denotes the air density, and q.(z), p,, and
r the mass mixing ratio, particle density, and mode

radius of sulfate aerosol, respectively. Here g ,(z) is eval-
uated by the aerosol transport model with the values of
py and r; presented in Table 1. The value of mode radius
is that of dry particle, which is same value as those used
in the aerosol transport model (Takemura et al. 2002,
Table 4). Carbonaceous aerosols are treated as an in-
ternal mixture of black carbon (BC) and organic carbon
(OC) with the ratio of OC to BC (OC/BC) depending
on the origin of the carbonaceous aerosols (Takemura
et al. 2000, 2002), and hence the particle density is also
somewhat different for each origin as presented in Table
1. Then n,,,(2) is given by the sum of the contributions
from various origins:

_ P(2)q,.:(2)
ncm'bun (Z) Z pCb‘ 4 erbj/?) ’

i

where the suffix i identifies the origin of carbonaceous
aerosols. The mass mixing ratio ¢,,,(z) is evaluated by
the aerosol transport model. The values of the particle
density p,,,; and the mode radius r,,, are also presented
in Table 1. Mode radius is a dry particle radius, which
is same value as used in original aerosol transport model
(Takemura et al. 2002, Table 4). The number concen-
tration of sea salt aerosol n,,,(2) is calculated similarly
to the above two species, but as a function of wind
velocity over the ocean surface based on the empirical
formula of Erickson et al. (1986) with a mode radius
estimated by the relationship suggested by Erickson and
Duce (1988) (Takemura et al. 2000). The global distri-
bution of n,(z) is calculated as above for each time step,
assuming the background minimum value of 3 X 10°¢
m~3. In the present study, the aerosol distribution was
simulated by SPRINTARS, an aerosol transport model
implemented to CCSR/NIES AGCM with the standard
cloud process parameterization without aerosol indirect
effect. In this calculation with SPRINTARS, the wet
deposition was driven by cloud and precipitation based
on the parameterization of Sundqvist (1978) without
aerosol indirect effect and thus not affected by aerosol
lifetime effect. This simplification will not produce a
significant error in our results, because the CCSR/NIES
AGCM standard version has been validated to produce
realistic cloud and precipitation fields that are further
used in the simulation of aerosol distribution by aerosol
transport model (SPRINTARS). In this simulation of
aerosol distribution, we further applied a nudging tech-
nique with National Centers for Environmental Predic-
tion-National Center for Atmospheric Research
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(NCEP-NCAR) reanalysis data to secure a realistic sim-
ulation of the meteorological fields such as wind, tem-
perature, and humidity, which are used for simulating
the global aerosol distribution properly for our target
year of 1990.

In order to calculate the cloud microphysical structure
change due to the aerosol indirect effect, the CCSR/
NIES AGCM is rerun with the aerosol indirect effect
parameterization using the simulated value of n (z) as
explained above. This second run with indirect effect
is performed without nudging technique to investigate
how aerosols affect the cloud field in GCM calculation
with various atmospheric processes. The cloud droplet
number concentration n_(z) is determined diagnostically
by the parameterization with the empirical relationship
developed by A. Numaguti (1999, personal communi-
cation):

en,(n,,

n(z) = ———"—
en(z) +n,

, (1
where € and n,, are prefixed constants. According to this
formula, n,_ is proportional to n, when n, is small com-
pared with n,, whereas n_ approaches the saturation
value n,, with increasing n, when n, is comparable or
superior to n,,. The range of small n, corresponds to a
clean condition (e.g., over the ocean) and the range of
large n, corresponds to a polluted condition (e.g., over
the continent). The values of e = 1 and n,, = 4 X 108
m~3 are used to approximate the relationship observed
by Martin et al. (1994).

The CCSR/NIES AGCM classifies the total water into
liquid water and water vapor assuming a subgrid scale
distribution of the total water following the scheme of
Le Treut and Li (1991). Based on the liquid water con-
tent / determined in this way, the rate of rain production
P is calculated as

p— d 1
a7,
where 7, is the relaxation time constant, which repre-
sents the time scale of the autoconversion rate //7,. The
time constant 7, has been classically expressed by the
bulk parameterization of cloud physics in several ways.
One is the classical formula given by Kessler (1969):

or removing the threshold effect (Sundqvist 1978):

To
1 — exp[—(/1.)2]

CCSR/NIES AGCM uses this formula (2) in its standard
version. According to Sundqvist’s formula in Eq. (2),
the time constant 7, depends only on the cloud water
content / in such a way that an increase in / shortens
the cloud lifetime through decreasing 7,. Since 7, does
not depend on the cloud particle size in Eq. (2), the

)

T, =T1,() =
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aerosol lifetime effect is not included in this parame-
terization. The present study performs a simulation with
this formula for comparison with other types of param-
eterization presented below. Values of the constants ap-
pearing in Eq. (2) are set as /., = 107* kg kg~' and 7,
= 10%s.

There are other types of parameterization that incor-
porate the effect of cloud droplet number concentration
n. as well as cloud liquid water content /. The classical
example for such kind of parameterization is the formula
given by Berry (1967), which includes a CCN effect, as

B+ 7%
— (3

7, =71, n)= wpl

where p is the air density and «, 3, and vy are constants.
Berry’s formula, contrary to that of Kessler or Sund-
qvist, takes into account the dependency of the con-
version rate upon the cloud droplet size as well as the
liquid water content and thus includes the lifetime effect
of cloud particles due to increasing aerosols. According
to this formula, more abundant n_ reduces the droplet
mass pl/n,, leading to a longer 7,. We use Eq. (3) with
a =035 B =0.12, and y = 5.7 X 10~ following
Lohmann and Feichter (1997).

Another example of parameterization including the
effect of cloud droplet number concentration n,. is the
formula suggested by Khairoutdinov and Kogan (2000).
They assumed the form,

T, =71, n)x l—;, 4)
with nondimensional parameters « = 1.79 and 8 = 1.47
determined from many numerical experiments with a drop
spectrum resolving microphysical model. The conversion
rate of cloud water into rain water is evaluated with either
parameterization, Egs. (2), (3), or (4) in the present study,
to derive the cloud water content /(z) remaining after pre-
cipitation. Based on the cloud droplet number concentra-
tion n,(z) and the cloud water content /(z) thus calculated,
the cloud droplet radius is calculated as

3 D) 173

41 p,n.(2) %)

r(z) =

where p,, is the liquid water density.
Cloud particle effective radius r,(z) can be empiri-
cally related to r.(z) as

r.(2) = k= "*r.(2),

where the parameter k depends on the cloud droplet size
distribution function. According to Martin et al. (1994),
the value of k is 0.67 = 0.07 and 0.80 £ 0.07 over the
land and ocean, respectively; thus k= is equal to 1.14
(land) and 1.07 (ocean). We choose 1.1 for the value of
k='? commonly over land and ocean. Using the liquid
water content / and the effective radius r,, the liquid
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water path (LWP) and the cloud optical thickness 7, are
calculated by their definitions:

top
LWP = f p(2)l(z) dz and
bottom

31 [ pI@)
T, = <-— — dz
2 p"' bottom rU(Z)

Based on the model presented above, we performed
a numerical simulation of the global cloud—aerosol char-
acteristics with horizontal resolution of about 5.6° X
5.6° (T21) and with 11 levels (o levels at 0.995, 0.980,
0.950, 0.900, 0.815, 0.679, 0.513, 0.348, 0.203, 0.092,
and 0.021). Time integration was performed for 13
months from December 1989 to December 1990 with a
time step of 30 min and with the initial condition of
temperature and wind fields taken from NCEP-NCAR
reanalysis data of 1 December 1989. The simulated re-
sults for one year, 1990, are adopted for comparison
with satellite observation without those for first month
(December 1989) considering the spinup of the model.
The year 1990 was selected for the present study to
compare the simulation result with the satellite remote
sensing results retrieved in the year of 1990 as described
in the next section.

3. Satellite data

In the present study, the model-simulated results are
compared with the aerosol and cloud microphysical pa-
rameters derived from satellite remote sensing. The
cloud optical thickness 7. and particle effective radius
r, in 1990 were derived by the method of Kawamoto
et al. (2001) for water clouds whose top temperature is
higher than 273 K. Kawamoto et al. (2001), which is
an extension of Nakajima and Nakajima (1995) to a
global algorithm, developed the algorithm for global
determination of the water cloud optical thickness and
the particle effective radius from reflected solar spectral
radiances in channels 1 and 3 of AVHRR, with an al-
gorithm similar to that of Nakajima and King (1990),
after removing thermal radiation emission using channel
3 and 4 radiances. Retrieved r, and 7. by Kawamoto et
al. (2001) are further used to calculate the cloud liquid
water path as

2
LWP = gpwf(,rl,. (6)

Also used in this study are the aerosol optical thick-
ness 7, and Angstrom exponent « over the global ocean
in 1990 also retrieved from AVHRR by the algorithm
of Nakajima and Higurashi (1998) and Higurashi and
Nakajima (1999), which are the first global satellite
analysis of the Angstrom parameters utilizing reflected
solar spectral radiances in the red and near-infrared
channels (channels 1 and 2) of AVHRR. This two-chan-
nel algorithm retrieves the peak volume values of the
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assumed bimodal size distribution of aerosol particles
and then evaluates the aerosol optical properties 7, at a
reference wavelength of 500 nm and Angstrdom expo-
nent «, the mean wavelength index of the optical thick-
ness spectrum over 369 to 1050 nm. Since the aerosol
optical thickness represents the vertical total amount of
the aerosol cross section and the Angstrom exponent
provides information on the aerosol particle size, an
estimate of the column particle number N, is acquired
from the approximation proposed by Nakajima et al.
(2001).

4. Comparison of GCM simulation with satellite
observation

a. Global distribution of cloud particle radius

Figure 1 shows the global map of AVHRR-retrieved
(top) and GCM-simulated cloud particle effective radii
with Berry’s (middle) and Khairoutdinov’s (bottom) pa-
rameterization for a 4-month (January, April, July, and
October) mean condition in 1990. Since the particle
radius was mainly determined from the near-infrared
radiance of AVHRR reflected by the cloud particle near
the cloud top, AVHRR-derived cloud particle effective
radii represent those near the cloud top. To match the
AVHRR retrieval, the cloud top height is also deter-
mined in the GCM simulation by finding the highest
level where the liquid water content is larger than a
critical value and the temperature is higher than 273 K
to avoid ice particles for which the remote sensing al-
gorithm cannot retrieve a precise value of effective par-
ticle radius due to nonspherical scattering by irregular
ice particles. Shown in the middle and bottom of Fig.
1 is the global distribution of simulated cloud particle
effective radii at the cloud top level determined in such
a way. The satellite and model values are found to agree
with each other regarding the land—ocean contrast. Par-
ticle radii over the continent are systematically smaller
than those over the ocean as also revealed by previous
satellite retrievals such as those of Han et al. (1994) and
Kawamoto et al. (2001). The simulated particle radius
is significantly reduced even over some coastal ocean
regions such as the east coasts of China and North Amer-
ica, the Persian Gulf, the west coast of Africa, and an
area off California, as also found by satellite remote
sensing. On the other hand, a large effective radius is
simulated by GCM over the Northern Hemispheric At-
lantic Ocean of mid to high latitudes, where satellite-
retrieved values are also large. The zonal belt of large
droplet radii over mid to high latitudes in the Southern
Hemisphere detected by AVHRR is also found in the
GCM calculation. GCM also produced large particle
radii over the Amazon basin and equatorial Africa con-
sistently with satellite observation. GCM-simulated re-
sults with Berry’s and Khairoutdinov’s parameteriza-
tions, shown in the middle and bottom of Fig. 1, re-
spectively, depict the common characteristics such as
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FiG. 1. Four-month (Jan, Apr, Jul, and Oct 1990) mean global distributions of cloud particle effective radii from (top) AVHRR retrieval,
(middle) GCM simulation with Berry’s parameterization, and (bottom) GCM simulation with Khairoutdinov’s parameterization.
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FiG. 2. Latitudinal distributions of zonally averaged cloud particle effective radii over land and
ocean from AVHRR retrieval (land: closed square: sea: closed circle), GCM simulation with Berry's
parameterization (land: triangle: sea: diamond). and GCM simulation with Khairoutdinov’s param-

eterization (land: +: sea: X).

land—sea contrast and coastal region feature, although
they are somewhat different over ocean areas such as
the south Indian Ocean, South Atlantic, and eastern
equatorial Pacific where the effective radii calculated
from Khairoutdinov’s parameterization (bottom) are
larger than those from Berry’s parameterization (mid-
dle). This is because Khairoutdinov’s parameterization
given by formula (4) tends to produce larger remaining
cloud water amount over these regions with moderate
aerosol abundance as shown in Fig. 3 due to stronger
lifetime effect caused by the nonlinear dependence of
precipitation time constant 7, upon N, contrary to the
linear dependence of Berry’s parameterization as given
in formula (3). These simulated features from Khai-
routdinov’s parameterization (bottom) are closer to
AVHRR retrieval (top) than those from Berry’s param-
eterization (middle), suggesting that the nonlinear de-
pendency of precipitation time constant on the cloud
particle number concentration as given in formula (4)
is important for the formation of geographical distri-
bution of cloud particle radii.

Figure 2 shows the latitudinal distribution of cloud
effective radii, which is a zonal average from the global
map shown in Fig. 1. Over the land, model results tend
to underestimate by about 2 um over Northern Hemi-
sphere (20°-60°N) and overestimate by about 1-3 um
over Southern Hemisphere (20°-60°S). Agreement be-
tween model and satellite observation is better over the

ocean where the simulated results from Khairoutdinov’s
parameterization follow satellite retrieval more closely
than those from Berry’s parameterization.

In our model, the continental and coastal ocean re-
gions where the droplet radius is simulated to be small
correspond to the regions where aerosol particles are
abundant as shown in Fig. 3. Simulated land—ocean con-
trast and the coastal region feature of droplet radius (Fig.
I, middle and bottom) are mainly formed by the dis-
tribution of aerosol particles (Fig. 3). Hence, it is con-
cluded that the reduction of cloud particle size is strong-
ly controlled by the aerosol burden in our GCM in a
way that is consistent with the satellite observations.

Over the tropical marine region, however, a notable
difference was found between the satellite retrievals and
the GCM simulation. Although satellite observations
generally show large effective radii over the tropical
ocean coinciding with the deep-convective precipitation
band, such as the intertropical convergence zone (ITCZ)
and the South Pacific convergence zone (SPCZ). the
GCM does not show such a characteristic. A possible
reason for the disparity between satellite and model re-
sults is the fact that satellite retrievals tend to overes-
timate the effective radius over the Tropics for two rea-
sons. At first, the pixels for analysis over the Tropics
are not free from contamination by deep convective ice
clouds distributed inhomogeneously on a subpixel scale,
which are difficult to be removed completely by the
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FiG. 3. Four-month (Jan, Apr, Jul, and Oct 1990) mean global distribution of the column aerosol particle
number used in the model calculation. The values are expressed on a logarithmic scale of particles per square

centimeter.

cloud screening process used in the retrieval algorithm.
A second possible reason for the overestimation is con-
tamination by drizzle-sized drops existing in the cloud
system, which also lead to larger retrieved values. The
disagreement between satellite and GCM results is also
partly attributed to insufficient treatment of the indirect
effect in our model as it is restricted to nonconvective
clouds. It is difficult in our model to represent the char-
acter of clouds over the Tropics where deep or shallow
convective clouds are predominant.

There is another distinction between satellite and
model results over the equatorial Pacific of 100°~170°W,
where AVHRR-retrieved effective radii are significantly
smaller than those over adjacent marine areas as Ka-
wamoto et al. (2001) pointed out. This region has many
partially cloudy pixels excluded from the analysis
through the cloud screening process. Kawamoto et al.
(2001) suggested that the retrieved result may be af-
fected by statistical biases due to the pixel exclusion
over this region. Those disparities between GCM and
satellite observation over the tropical region should be
discussed in future when indirect effect is incorporated
into the convective clouds.

Figure 4 shows frequency distributions of cloud par-
ticle effective radii from AVHRR retrieval (top) and
GCM simulation with Berry’s (middle) and Khairout-
dinov’s (bottom) parameterization. The relative fre-
quency is drawn over land and ocean separately for both
AVHRR and GCM. In Fig. 4, systematic differences of
effective radii over land and ocean are illustrated for
both satellite observation and model calculations. The
simulated distribution of relative frequency with Berry’s
parameterization over ocean (Fig. 4, middle) has a peak
around r, = 12—14 um, corresponding to the peak found
in satellite observation (Fig. 4, top) around r, = 13-14
pm. Mode radii and dispersions of the distribution func-

tions from AVHRR retrieval (top) and GCM simulation
with Berry’s parameterization (middle) well agree with
each other over ocean. In the case of the distribution
over land, on the other hand, Berry’s case (Fig. 4, mid-
dle) shows a narrower and more skewed distribution
with a peak at r, = 8 um, compared with AVHRR
retrieval (Fig. 4, top) with a peak around r, = 9-10
pm. This highly skewed simulated distribution seems
to bring modeled and satellite-retrieved distributions,
shown in Fig. 1, in close agreement along coastal re-
gions of the continents, even with the larger land—ocean
difference in the mode radii. In the case of Khairout-
dinov’s parameterization (Fig. 4, bottom), the frequency
distribution over ocean is more skewed toward large
particle size than Berry’s case (middle) or AVHRR re-
trieval (top). Simulated frequency distribution with
Khairoutdinov’s parameterization over land tends to
have a secondary maximum over r, = 11-13 um, which
is associated with wider area of large droplet size over
the Amazon basin compared with Berry’s case as shown
in the middle and bottom of Fig. 1. We need more com-
parisons to conclude these differences are statistically
significant.

b. Correlation between cloud properties and aerosol
column particle number

In order to quantify the aerosol indirect effect, the
correlation between the cloud microphysical properties
and the column aerosol particle number is examined in
this subsection.

Cloud liquid water path LWP and column cloud par-
ticle number NV, are calculated from the satellite-derived
cloud data of effective radius r, and optical thickness
7. retrieved by the method of Kawamoto et al. (2001).
Similarly, the column aerosol particle number N, is de-
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FIG. 4. Frequency distributions of cloud particle effective radii from
(top) AVHRR retrieval, (middle) GCM simulation with Berry’s pa-
rameterization, and (bottom) GCM simulation with Khairoutdinov’s
parameterization for the same data as used in Fig. 1.

rived from the aerosol optical thickness 7, and the /o\ng-
strom exponent « retrieved by the method of Higurashi
and Nakajima (1999). Following Nakajima et al. (2001),
Fig. 5 depicts the correlation of the cloud properties r,
(top), 7. (middle), and LWP (bottom) with the column
aerosol particle number N,, respectively. In this figure,
N, is divided into several bins, and the mean value and
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sol particle number N, over global ocean for AVHRR retrieval in Jan,
Apr, Jul, and Oct 1990.

the standard deviation in the properties of each cloud
for each bin are plotted as the central point and error
bar, respectively. Each cloud parameter shows a large
variability for a particular value of N,, as indicated by
the long error bars, for several reasons such as cloud
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variability, cloud type difference, and match-up errors
between cloudy and clear pixels. Note that the retrieval
of aerosol parameters is currently limited to areas over
the ocean; hence, the correlation between cloud prop-
erties and N, is taken only over the global ocean.
Nakajima et al. (2001) pointed out that the effective
cloud particle radius has a negative correlation with N,
for a turbid air condition of N, = 107> ¢cm~2, whereas
the cloud optical thickness shows a positive correlation
with N, in the same range of N,. This results in an
approximate constancy of LWP independent of N, since
LWP is proportional to the product of r, and 7., as in
Eq. (6). To interpret the observed correlation between
the cloud properties and column aerosol particle number,
similar scatterplots are also drawn for GCM results with
parameterizations (2), (3), and (4) in Figs. 6-8 by plot-
ting the simulated cloud properties such as cloud-top
particle radius r,, cloud optical thickness 7. and liquid
water path LWP as a function of column-integrated
aerosol particle number N,. To match the satellite-de-
rived results limited to the ocean region, values from
the GCM simulation are also taken only over the global
ocean, and scatterplots shown in Figs. 6-8 are from the
values only over the ocean. It is important to note that
we made the statistics from the simulated results in ex-
actly same way as in the satellite retrieval performed
by Nakajima et al. (2001) to make the comparison con-
sistent, and this strategy is currently the only available
method of global comparison without validation data of
vertical profile of aerosols from satellite and aircraft
over the globe. It is found first of all that the variability
in each cloud parameter is also large similar to the case
of satellite retrieval as shown by the error bars. The
result of the cloud droplet radius with Sundqvist’s pa-
rameterization (Fig. 6, top), Berry’s parameterization
(Fig. 6, middle), and Khairoutdinov’s parameterization
(Fig. 6, bottom) all show a constancy independent of
N, in the range of about N, < 10%# cm~2 and decreasing
tendency with N, for a turbid condition of about N, >
108 cm~2, similar to the satellite observation shown in
Fig. 4 (top), although the kink point value of N, = 10¢#
cm~? is smaller than the satellite observation’s value of
N, = 107% cm~2. The slope for decrease of r, with N,
in the range of N, > 10%® cm~2 generally becomes
smaller in each panel from top to bottom because the
remaining cloud water content after precipitation tends
to become larger due to stronger aerosol lifetime effect,
depending on the parameterization used in the simula-
tion (from top to bottom of Fig. 6). Aerosol lifetime
effect is not incorporated into Sundqvist’s formula (2),
and the amplitude of aerosol lifetime effect is larger in
Khairoutdinov’s formula (4) than in Berry’s formula (3)
because of the nonlinear dependency of the time con-
stant 7, upon cloud droplet number concentration N, in
formula (4), contrary to the linearity in formula (3).
Simulation with Khairoutdinov’s parameterization is
closest to the effective cloud particle radius r, retrieved
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from satellite observation especially in terms of slope
of r, decreasing with N,.

The different dependency of 7, upon N, in formulas
(2), (3), and (4) is also reflected in the statistics of cloud
optical thickness 7. shown in Fig. 7. A simulated result
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with Sundqvist’s parameterization (Fig. 7, top) shows a
constancy or a somewhat decrease in 7, with increasing
N,, which is qualitatively different from the feature
found in the simulation with Berry’s (Fig. 7, middle) or
Khairoutdinov’s (Fig. 7, bottom) parameterization. The
latter two cases show a common characteristic that T,
generally tends to be independent of N, for a clean
condition of about N, < 1072 cm~2 and increase with
N, in the range of about N, > 1072 cm~2, which is

a
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consistent with satellite observations (Fig. 5, middle)
showing an approximate constancy of 7. in the range
of about N, < 107®¥ cm~2 and increasing tendency of T,
in the range of about N, > 107# cm~2 as pointed out
by Nakajima et al. (2001). The correlation pattern in the
case of Berry’s parameterization (Fig. 7, middle) and
Khairoutdinov’s parameterization (Fig. 7, bottom) are
somewhat different from each other for the turbid con-
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dition of N, > 1072 cm~2. The amplitude of increasing
tendency for each month is larger in Khairoutdinov’s
case (Fig. 7. bottom) than in Berry’s case (Fig. 7, mid-
dle), reflecting the nonlinearity in Khairoutdinov’s for-
mula (4) in contrast to linearity in Berry’s formula (3).

A difference between these three parameterizations is
also found in the liquid water path LWP. Figure 8 shows
scatterplots between LWP and N, derived from the sim-
ulation with parameterizations of Sundqvist (top), Berry
(middle), and Khairoutdinov (bottom). According to sat-
ellite-derived scatterplots of LWP with N, shown in bot-
tom of Fig. 5. LWP tends to be approximately constant
and independent of N, as pointed out by Nakajima et
al. (2001), although they show some variability such as,
for example, decreasing with N, over the range of N,
< 1075 cm~2, if the curve is looked at in detail. Such
kind of detailed variability is also found in the model-
simulated scatterplots with various parameterizations
shown in Fig. 8. The top of Fig. 8 shows that LWP
derived from Sundqvist’s parameterization globally
tends to decrease with N, whereas the result Berry’s
case (Fig. 8, middle) shows that LWP tends to be ap-
proximately constant and independent of N, similar to
the case of satellite retrieval (Fig. 5, bottom). This dif-
ference in the LWP behavior between Sundqvist’s and
Berry’s parameterization is the result of the different
treatment of the conversion rate of cloud water into rain
water. According to Sundqvist’s parameterization given
by formula (2), the conversion rate depends only on the
cloud water content without dependence on the cloud
droplet number concentration or cloud droplet size; that
is. it does not include the aerosol lifetime effect. Greater
cloud water amount causes more in-cloud scavenging
and wash out; therefore, a lower number of aerosol par-
ticles will remain after these processes, leading to the
decreasing tendency of LWP with N,. Berry’s param-
eterization given by formula (3), which includes the
aerosol lifetime effect, on the contrary, assumes that the
autoconversion rate depends not only on the cloud water
content / but also on the cloud droplet number concen-
tration n,. The autoconversion rate decreases with in-
creasing n, through the reduction of cloud droplet mass
pl/n_. Since an increase in aerosol number concentration
n, leads to an increase in n, in Numaguti’s formulation
in Eq. (1). greater n, causes a reduction of the auto-
conversion rate and thus leads to more cloud water
amount remaining after less precipitation. Therefore, the
aerosol lifetime effect included in Berry’s parameteri-
zation produces a positive dependency of LWP on N,,.
In-cloud scavenging and wash-out processes, which
cause a negative correlation, are also significant in the
case of Berry’s parameterization, and thus the resultant
correlations between LWP and N, is a mixture of pos-
itive and negative correlations produced by the aerosol
lifetime effect and the wash-out effect, respectively. The
global constancy of LWP independent of N, shown in
the middle of Fig. 8 illustrates that those two opposing
effects are nearly balanced on a global scale in the pres-
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TABLE 2. The values of regression coefficients A and B determined
by the least squares method to fit the scatterplot of LWP and N, for
AVHRR retrieval and GCM simulations with various parameteriza-
tions (see text for detail). Uncertainty ranges are also shown at the
95% significance level.

A(gm) B(gm™)
AVHRR retrieval 58.96 + 1.45 —2.05 = 0.19
GCM (Sundqvist) 395.71 £ 15.31 —39.84 = 2.18
GCM (Berry) 263.14 + 16.21 —22.82 * 231
GCM (Khairoutdinov) 145.19 = 20.07 —5.05 = 2.86

ent simulation with Berry’s parameterization. The sat-
ellite-derived result (Fig. 5, bottom) also shows a similar
tendency of constant LWP, suggesting that Berry’s pa-
rameterization is more suitable than Sundqvist’s param-
eterization to simulate the slope of observed LWP as a
function of N, although the absolute value of LWP over
the range of N, > 1075 cm~2 from Sundqvist’s param-
eterization tends to be closer to the satellite value than
those from Berry’s parameterization, which tends to
overestimate LWP compared the with satellite obser-
vation. The simulated result with Khairoutdinov’s pa-
rameterization (Fig. 8, bottom) also shows that LWP
tends to be constant with N, due to the global balance of
the wash-out effect and the aerosol lifetime effect, similar
to the Berry’s case, but the variability of LWP with N,, is
somewhat larger than Berry’s case (Fig. 8, middle), and
LWP over the range of about N, > 107° cm~2 (Fig. 8,
bottom) is larger than LWP derived from Berry’s param-
eterization over the same range of N, (Fig. 8, middle),
which is the result of nonlinear dependency of precipitation
time constant 7, upon the cloud droplet number concen-
tration N.. The correlation pattern between LWP and N,
is fitted by a linear regression line as

LWP = A + B log,,(N,),

with coefficients A and B summarized in Table 2. The
ranges of uncertainty in these coefficients are also shown
at the significance level of 95% in Table 2. These un-
certainties in the regression coefficients A and B are
relatively small compared with the difference of the
mean values among the various parameterizations, sug-
gesting that the simulated correlation patterns from var-
ious parameterizations have characteristic tendencies
systematically different from each other. The result of
this statistical analysis summarized in Table 2 suggests
that Khairoutdinov’s parameterization is closest to the
AVHRR retrieval in terms of values of A and B deter-
mined for the best fit, implying that the nonlinear rep-
resentation of aerosol lifetime effect as given in formula
(4) is significant for reproducing the satellite-derived
global correlation between LWP and N,,.

c¢. Indirect radiative forcing

Using the parameterizations mentioned above, we es-
timate anthropogenic indirect radiative forcing with the
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use of radiation code based on a two-stream discrete
ordinate method (DOM)/adding and a correlated-k dis-
tribution method (Nakajima et al. 2000), which is im-
plemented in the CCSR/NIES AGCM.

We define the total indirect radiative forcing AF, gecc
as the difference of cloud radiative forcing (CRF) be-
tween conditions of present and preindustrial aerosol
number concentrations:

AF, = CRF — CRF

indirect
where CRF is defined as the difference of radiative fluxes
between whole sky condition and clear sky condition:

CRF = F - F

whole sky clear sky*

present preindustrial »

The total indirect radiative forcing AF, ;. 18 induced
by the change in cloud particle radius, cloud water con-
tent, and cloud fraction due to the increase in anthro-
pogenic aerosols since the preindustrial era. The pre-
industrial aerosol distribution is evaluated by SPRIN-
TARS with surface aerosol emissions of natural origin
to determine the preindustrial cloud field by CCSR/
NIES AGCM with indirect effect. Assumed aerosols of
natural origin are dust aerosol, sea salt particle, sulfate
aerosol of natural origin (emitted from dimethyl sulfide
and volcanic eruption), carbonaceous aerosols originat-
ing from forest fire and fuel wood consumption with
amount less than the present, and from combustion of
agricultural wastes and gas to particle conversion of
terpene emitted from plants. Annual global mean total
forcing defined as above is calculated to be —1.00 W
m ™2 caused by perturbation of aerosol total number con-
centration from n, = 107° m 3 in the preindustrial con-
dition to n, = 107* m~3 in the current condition as the
annual global average. The radiative forcing due to only
the change of cloud particle radius (i.e., Twomey effect)
between the present and preindustrial aerosol condition
was also estimated by giving the same aerosol distri-
bution to the cloud scheme, in which the autoconversion
rate depends on the cloud droplet number concentration,
for both preindustrial and present simulation. In this
calculation, different aerosol distributions between the
preindustrial and present condition are assumed only in
the radiation calculation in order to realize the condition
that only cloud particle effective radii are different be-
tween the preindustrial and present simulation. The an-
nual global mean forcing thus estimated is —0.54 W
m~2, which is about half of the total radiative forcing.
The estimated value of total forcing in this study, —1.00
W m~2, is somewhat smaller than those of several pre-
vious works. Lohmann and Feichter (1997) estimated
the total indirect forcing to range from —1.4 to —4.8
W m~2 depending on different cloud schemes. Rotstayn
(1999) evaluated the total forcing as —2.1 W m~2. Ac-
cording to Lohmann et al. (2000), the total indirect forc-
ing was estimated as —1.1 and —1.5 W m~* for an
internal and external mixture of aerosol, respectively.
The calculated forcing due to only the Twomey effect
in the present study, —0.54 W m~2, is also smaller than
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the averaged value suggested by previous studies, but
is within their range and also in the uncertainty range
proposed by Houghton et al. (2001). According to sev-
eral previous studies, such as Jones et al. (1994), Bou-
cher and Lohmann (1995), Jones and Slingo (1996), and
Chuang et al. (1997), estimated values of forcing due
to the Twomey effect ranges from —0.5to —1.6 W m~2
depending on the relationship between aerosol and cloud
droplet number concentration and the parameterization
of cloud physics. The ratio of the forcing due to only
the Twomey effect to the total forcing acquired by the
present study is, however, consistent with those of Rots-
tayn (1999), which evaluated contribution from the
Twomey effect and lifetime effect as —1.2 and —1.0 W
m~2, respectively. It is possible that our simulation with-
out full coupling of aerosol, cloud, and precipitation
causes a large error in estimation of the radiative forc-
ing, so the fully coupled simulation is necessary for
more realistic estimate of indirect radiative forcing.

5. Discussion

The study in the previous section found that the global
constancy of LWP in the satellite result can be repro-
duced by the GCM simulation with Berry’s and Khai-
routdinov’s parameterizations. In this regard, it is in-
teresting to recognize characteristic undulations ap-
pearing in the LWP dependence on the aerosol particle
number in Fig. 5 (bottom). It appears that LWP has a
bimodal feature with two peaks around N, = 10¢6-107"
cm~2 and N, = 10%-10%% cm~2. More specifically, the
curve for January has two peaks around N, = 10—
10%° cm~2 and N, = 10%-10%2 cm~2; the curves for
April has peaks around N, = 10%°-~107! cm~2 and N,
=~ [034-10%¢ cm~2; the curve for July has peaks around
N, = 10°%-10" cm~2 and N, = 10%2-10%3 cm~2; the
curves for October has peaks around N, = 10¢6-10¢#
cm~? and N, = 10%3-10%% cm~2. It is also interesting
to find similar characteristics in the simulated LWP, as
shown in the middle of Fig. 8, for example, with two
peaks around N, = 10°4-10%® cm~2 and N, = 1075-
108 cm~2. It is found that the curve for January has two
peaks around N, = 10°3-10%¢ cm~2 and N, = 1073-
1074 cm~2; the curve for April has peaks around N, =
10%3-10%*cm~2 and N, = 107° cm~2; the curve for July
has peaks around N, = 10°4-10%°cm~2and N, = 1077-
1078 cm~2; the curve for October has peaks around N,
= 10%4-10% cm~2and N, = 107°-107# cm ~2. The sat-
ellite retrieval produces the first peak for N, = 10—
107" cm 2 located around remote oceanic areas and the
second peak for N, = 10%-10%5 cm~2 around coastal
ocean regions exposed to the aerosol injection from con-
tinental regions. On the other hand, the first peak for
N, = 10%4-10%% cm~2 in the GCM simulation found in
Fig. 8 (middle) is located around high latitudes and
therefore corresponds to the signal of polar clouds as
shown in Fig. 3, contrary to the satellite remote sensing
results. On the other hand, the second peak for N, =
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1075-10% cm~2 is located around the coastal marine ar-
eas, as shown in Fig. 3, where a large amount of aerosols
is transported from adjacent continents as is consistent
with the satellite results. This investigation suggests that
the present GCM simulation was able to simulate the
continental peak but did not reproduce the maritime
peak found in the satellite result. We cannot identify the
reason for this disparity, other than pointing out that
there are no concrete reasons why the present GCM
reproduces the delicate balance in the CCN and drizzle
particle budget to simulate the peaked feature in the
LWP-N, plot with the simplified model parameteriza-
tions and the large grid size. In particular, the present
simulation was based on the simplification without the
fully coupled calculation of the aerosol concentration
used for calculating the cloud microphysical change. We
might need a fully coupled GCM including feedback
between aerosols and clouds in order to reproduce the
detailed structure of the LWP as a function of the col-
umn aerosol particle number. Baker and Charlson (1990)
suggested a bistability of the CCN number concentration
corresponding to maritime and continental cloud re-
gimes for which different CCN sink processes are re-
sponsible for producing the peaks in the cloud formation
stability. The maritime mode is accompanied by large-
sized drizzle particles or raindrops along with the wash-
out process as a sink to maintain a low CCN number
concentration, as also discussed by Albrecht (1989),
whereas the continental mode is characterized by a high
CCN number concentration without precipitation due to
the aerosol lifetime effect. We should conduct more
studies to investigate how theories can interpret the
peaked feature in the LWP-N_ plot.

The imperfection of the present model is also depicted
by the large difference in the absolute values of LWP
and N, between model and satellite results. Also, the
sensitivity study for evaluating the range of uncertainty
needs to be performed in the near future based on the
simulation with various types of relationships between
N,and N, (e.g., Menon et al. 2002) including those that
incorporate the effect of upward velocity (e.g., Ghan et
al. 1993) other than that of Martin et al. (1994) used in
the present study. Although dust aerosol was excluded
from the evaluation of CCN number concentration in
the present study because of its inefficiency of acting
as CCN, they are considered to become CCN when they
are internally mixed with other species such as organic
carbon and sulfate under some condition. The increase
in knowledge of such kind of phenomena will enable
us to treat dust particles properly in the simulation of
cloud—aerosol interaction in the future.

6. Conclusions

In this paper, we studied the aerosol indirect effect
simulated by the CCSR/NIES AGCM to compare with
AVHRR retrievals for water clouds. The simulated dis-
tribution was found to be consistent with the satellite
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retrieval over the ocean region except for the Tropics.
The cloud particle effective radius was simulated to be
systematically smaller over land and coastal ocean areas
stemming from the aerosol injection than that over the
remote ocean, as also revealed by the satellite retrieval.
The simulated distribution of the cloud particle radius
reflected the distribution of aerosol particle number.
Tropical regions, where convective clouds prevail, how-
ever, were simulated to be different from the satellite
retrieval, partly because our calculation was only for
nonconvective clouds and also because the satellite re-
trieval tends to overestimate the particle radius over the
Tropics due to contamination by ice and drizzle parti-
cles. Simulation and satellite retrieval were also differ-
ent over the equatorial central Pacific where satellite
observations are affected by statistical biases due to
problems caused by partial cloudiness. Small-scale con-
vective clouds need to be taken into consideration to
represent the cloud droplet size over these regions.
The apparent correlation between the cloud micro-
physical and optical properties and the column aerosol
particle number was also compared between satellite
retrievals and model simulations. Simulations with pa-
rameterization including the aerosol lifetime effect
showed features closer to the satellite retrieval data than
that with Sundqvist’s parameterization, which does not
include the lifetime effect by aerosols. The cloud optical
thickness calculated based on Berry’s and Khairoutdi-
nov’s formulas was positively correlated with N, for a
turbid air condition similar to the satellite retrieval,
whereas those with Sundqvist’s formula tended to be
constant or would decrease with N,. As a result, the
cloud liquid water path tends to be globally constant for
the case with Berry’s and Khairoutdinov’s parameteri-
zations due to the global balance of the wash-out effect
and the aerosol lifetime effect, contrary to the negative
correlation in the case with Kessler’s parameterization
because only the wash-out process is included. It was
suggested, therefore, that the satellite-derived global
constancy of LWP implies a significant role of the aero-
sol lifetime effect in the formation of the global cloud
field. We should emphasize in this regard that this global
constancy of the LWP is not the same condition as in
a fixed LWP assumption employed by the microphysics
studies for an isolated airmass such as in Twomey
(1974) because our finding is a manifestation of the
large-scale nonlinear balance between the aerosol life-
time effect and the wash-out effect. The indirect radi-
ative forcing estimated in this study, —1 W m~2, is
smaller than those acquired from previous studies. One
possible reason is our offline calculation of the aerosol
distribution without full coupling with cloud and pre-
cipitation processes. Fully coupled simulation is nec-
essary for more plausible evaluation of radiative forc-

ing.
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