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[1] The present study investigated the correlations between aerosol and cloud parameters
derived from satellite remote sensing for evaluating the radiative forcing of the aerosol
indirect effect. The global statistics showed that the effective particle radius and the optical
thickness of low clouds correlate well with the column number concentration of the
aerosol particles, indicating an aerosol indirect effect. A correlation of the cloud fraction
with the aerosol number was also seen, whereas we could not find a significant correlation
of the cloud-top temperature with the column aerosol number. Furthermore, the regional
statistics presented that positive correlations between the cloud optical thickness and
cloud fraction with the aerosol column number concentration exist in most regions
consistent with the global mean statistics. However, the effective cloud particle radius
showed a tendency similar to the global correlation only around the seashore regions.
Using these correlations and assuming that the aerosol column number concentration has
increased by 30% from the preindustrial era, the total radiative forcing of the aerosol
indirect effect was evaluated to be about —0.6 to —1.2 W m~2. The radiative forcing of the
aerosol direct effect from the satellite-retrieved parameters was also evaluated as

—0.4 W m~2 over the ocean. The cloud-top temperature was found to be insensitive to the
change in the aerosol number, although there was a distinct negative correlation between
the aerosol number and cloud temperature at which the cloud particle grows to a radius of
14 um. This particular dependency of the cloud temperature suggests that aerosols acts
on clouds so as to change cloud particle size near the cloud top, optical thickness, and
fraction but to keep their cloud-top temperature without causing a significant longwave
radiative forcing.  INDEX TERMS: 0305 Atmospheric Composition and Structure: Aerosols and
particles (0345, 4801); 0320 Atmospheric Composition and Structure: Cloud physics and chemistry: 3359
Meteorology and Atmospheric Dynamics: Radiative processes; 3360 Meteorology and Atmospheric
Dynamics: Remote sensing; KEYWORDS. aerosol, radiative forcing, indirect effect
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1. Introduction the aerosol transport process and in the chemical and optical
properties of the aerosols. They also cause an indirect effect by
modifying the cloud microphysics, but the magnitude of the
radiative forcing of this effect is uncertain [Intergovernmental
Panel on Climate Change (IPCC), 2001] because the cloud
modification process is highly variable and complicated.

[3] It is thought that there are two kinds of indirect
effects. The first indirect effect is that increasing aerosols
cause an increase in the droplet number concentration and a
decrease in the droplet size with a fixed liquid water content
(LWC) [Tivomey, 1974]. This effect may cause an increase

[2] With the advance of human activity, anthropogenic
aerosols have increased since the preindustrial era similarly
to carbon dioxide and may have had a significant influence
on Earth’s climate. It has been recognized that the aerosol
direct effect caused by scattering and absorbing radiation
may offset part of the greenhouse warming, but it is difficult
to precisely determine the effect because of complexities in
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in the cloud reflectivity and contribute to a cooling of Earth.
The second indirect effect, also known as the cloud lifetime
effect, is that the reduction in the cloud droplet size affects
the precipitation efficiency causing a significant increase in
LWC and the cloud lifetime [A/brecht, 1989]. This effect
may cause a further increase in the global albedo. Several
researchers tried to estimate the indirect radiative forcing
using empirical relationships between the sulfate aerosol
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and the cloud droplet number concentration [Jones et al.,
1994; Jones and Slingo, 1996; Lohmann and Feichter,
1997], and parameterizations of the cloud nucleation pro-
cess [Lohmann et al., 2000] in different GCMs. However,
their studies significantly disagree among them, both on the
estimated values and on the distributions. Reviewing these
values, IPCC [2001] concluded that the radiative forcing of
the first indirect effect exists over a rather wide range from 0
to —2 W m 2. IPCC [2001] did not give any estimate for
the second indirect effect because there are few studies to
confirm the estimation.

[4] Satellites have been also used to observe cloud
modifications by aerosols. Kaufiman and Nakajima [1993]
and Kaufman and Fraser [1997] observed that clouds were
affected by biomass buming over the Amazon Basin, and
they showed evidence for two types of cloud modification
due to biomass burning aerosols. Han et al. [1998] found
that the cloud albedo increases with decreasing droplet size
for optically thicker clouds, but contrary for thinner clouds,
because the liquid water content may not remain constant if
the cloud droplet number concentration changes. Wetzel and
Stowe [1999] and Nakajima et al. [2001] showed the
correlation between cloud and aerosol microphysical
parameters using AVHRR satellite data. The latter has
estimated the first and second indirect radiative forcing
ranges from —0.7 to —1.7 W m~? over the global ocean
using their correlation and with an assumption of 15% to
40% increase in the aerosol number after the industrial
revolution.

[s] Along with the progress in understanding the radia-
tive forcing of the aerosol indirect effect, the aerosol effect
on the hydrological cycle, through modification of the
vertical thickness and horizontal extent of clouds, has
recently received much attention. Albrecht [1989] studied
the cloud fraction change using a one-dimensional model
and suggested that the precipitation efficiency of shallow
clouds decreases and the cloud fraction increases. Pincus
and Baker [1994] showed that increasing LWC might
change the cloud geometrical thickness using a simple
model of stratocumulus clouds in the marine boundary
layer. This effect is possible to change the radiation budget
and decrease the outgoing longwave radiation. Rosenfeld
[2000] demonstrated using TRMM data that urban and
industrial air pollution could reduce the cloud particle size
and suppress precipitation. Furthermore, Ramanathan et al.
[2001] proposed that the reduction in the surface solar
radiation due to anthropogenic aerosols over the Indian
Ocean is balanced by a reduction in the evaporation, which
will have to be balanced by a reduction in rainfall and
effectively spin down the hydrological cycle. However,
Ackerman et al. [2000] observed that the cloud fraction
might be reduced by solar radiation absorption of soot
particles.

[6] In this study, we perform a comprehensive investiga-
tion of the correlation between cloud parameters and
the column aerosol number by extending the method of
Nakajima et al. [2001]. In this statistical method, we pay
attention not only to the microphysical change (effective
radius and optical thickness) but also to the cloud structure
(cloud height and cloud fraction) modification by aerosols.
We further evaluate the radiative forcings of the direct and
indirect effects of aerosols using the obtained statistics.
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[7] The next section briefly describes the data sets and
the radiation code used in calculation of the radiative
forcing, and section 3 presents the correlation between
the aerosol number concentration and cloud parameters
and discusses its significance. Section 4 shows estima-
tions of direct and indirect forcings of aerosols using the
derived correlation. Discussions and conclusions follow
in section 5.

2. Data Sources and Model Description
2.1. Satellite Data

[8] Two satellite data sets are used in this study. One
consists of aerosol and cloud parameters obtained from
the National Oceanic and Atmospheric Administration
Advanced Very High Resolution Radiometer (NOAA/
AVHRR). Data from 60°N to 60°S with a resolution of a
0.5° x 0.5° longitude-latitude box were processed everyday
in January, April, July, and October of 1990. The other data
set is obtained from Polarization and Directionality of the
Earth’s Reflectance (POLDER) aboard the Advanced Earth
Observing Satellite (ADEOS), which is available over land
and ocean. The analyzed region is from 90°N to 90°S with a
0.5° x 0.5° longitude-latitude resolution for every month
from November 1996 to June 1997.

[s] The aerosol optical thickness, 7, at a reference
wavelength of 0.5 pm, and wavelength-mean Angstrom
exponent, o, were obtained by analysis of the channel-1
and 2 of AVHRR with the algorism developed by Higurashi
and Nakajima [1999] and Higurashi et al. [2000]. They
assumed a bimodal lognormal volume spectrum for the
aerosol size distribution as

dav 2 1 /Inr—1Inr,\>2
= CII . - b 1
dinr ; ex"[ 2( ns, ) ] )

where V' is the volume, r is the particle radius and
subscript n indicates the mode number. They adopted 7, =
0.17 pm, 7y = 3.44 pm, s, = 1.96 and s, = 2.37 for the
parameters of the modeled volume spectrum in their
retrieval scheme. Two undetermined parameters in equa-
tion (1), Cy and C», and hence the optical thickness T, and
Angstrom exponent o can be determined from the two-
channel satellite radiances. The wavelength-averaged T,
and « are calculated by a regression line fitted in the
range from 0.36 to 1.05 pm. We calculated the column
aerosol number concentration using these retrieved aerosol
parameters.

[10] We also used a global distribution of cloud micro-
physical parameters obtained by analysis of channel-1
(visible), 3 (middle infrared) and 4 (thermal infrared) of
AVHRR with the algorithm developed by Nakajima and
Nakajima [1995] and Kawamoto et al. [2001]. This algo-
rithm is applied only to water clouds, so that we limited our
analysis to cloudy pixels with the cloud-top temperature
greater than 257 K. This threshold is lower than the
temperature to perfectly exclude ice particles, so that this
data may include ice particles. However, this ice particle
contamination will be small because several test analyses
with a threshold of 273 K showed no significant difference
from the results with 257 K. The analyzed cloud parameters
are the effective radius, cloud optical thickness, cloud-top
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temperature and cloud fraction. The effective radius is
defined as

Fo =

P (r)dr
g

where r is the radius of the cloud droplet, and n(r) is the
cloud droplet number per atmospheric column at . The
cloud liquid water content (LWC) can be expressed as:

4 s 4 3
W=LWCxh= §‘Kp“,/ ra(rydr = 5“')“']\/“’“""' 3)
0

where W is the liquid water path, 4 is the cloud geometrical
thickness, r,, 1s the volume-averaged radius, and p,, is the
density of water. The cloud optical thickness is expressed
as:

Te =

(4)

AW

where Q.,, is the extinction efficiency, which is about two
for wavelengths much shorter than r,. We assume a
monomodal lognormal number distribution. The cloud
amount data are derived from the number of cloudy pixels
in each 0.5° x 0.5° segmented box. The temporal and
spatial resolution of the data are as same as those of the
aerosol data.

[11] The aerosol parameters over the ocean and land
are also derived from POLDER data using the combined
2-channel method and a polarimetry method [Mukai and
Sano, 1999; Sano and Mukai, 2000]. The effective cloud
particle radius has been retrieved using the angular pattern
of the polarized radiance at 0.865 pum [Yasumoto et al.,
2002].

2.2. Radiative Transfer Model

[12] We use the radiation code mstrn8 that is used in the
CCSR/NIES AGCM for calculating the radiative forcing.
The code combines a k-distribution method with the dis-
crete-ordinate method/adding method [Nakajima et al.,
2000]. We use an 18-band and 37-channel version with
wavelengths that range from 0.2 pm to 200 pm. This code
can treat Rayleigh scattering and absorption/emission for
gaseous matter and Mie scattering and absorption/emission
for particulate matter. The optical properties of aerosols and
clouds are assumed to be same as the satellite-retrieved
values. We calculate the radiative forcing of aerosols and
clouds with the horizontal spatial resolution of 2.5°x 2.5°
longitude-latitude grids and 17 vertical levels. The cloud
layer is assumed as a single layer because we have only the
satellite-derived cloud fraction data. The atmospheric tem-
perature and water vapor profiles are obtained from the
ECMWF (European Centre of Medium-Range Weather
Forecasts) reanalysis data set for every day of the analysis
period. The CO, concentration is assumed to be 358.6 ppmv.
The Oz column concentration is adopted from the ISCCP
(International Satellite Cloud Climatology Project) data set
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[Rossow and Schiffer, 1999]. The other gaseous concentra-
tions are assumed as those of the U.S. standard atmosphere.

3. Results

[13] In order to evaluate the quantitative magnitude of the
aerosol and cloud interaction, we study the correlations
between the column number concentration of aerosol par-
ticles (V,) and cloud parameters, i.e., effective radius (r,),
cloud optical thickness (1), cloud-top temperature (7,) and
cloud fraction (1), which are retrieved from the satellite
radiance data, and liquid water path (W), cloud droplet
number concentration (N,) and cloud geometrical thickness
z;), which are calculated using the satellite-derived cloud
parameters. At first, we consider the relation between the
aerosol column number concentration and the cloud droplet
number concentration, for which the following approxima-
tion is considered to be well established [Twomey, 1984;
Kaufman and Fraser, 1997; Nakajima et al., 2001]:

AloggN. = gAlog,y N,. (5)

where g should be less than 1. Using this assumption,
equation (3) yields

Alog,y W = gAlog,y N, + 3Alog, re. (6)

If the liquid water path does not significantly change, the
relation between N, and r, can be expressed as follows:

Aloggr. = g/3Alog;y Ny (7)

Similar to these equations, the relation between N, and T,
can be expressed using equations (4) and (6).

Alog,o W = Alog), 7 + Aloggre = gAlog,y N, + 3A logg re
(®)

If the liquid water path does not significantly change, the
following relation is established:

Alogg e = —g/3Alogyy N,. 9)

These equations suggest that we should study the correla-
tions in the form of

logy ¥ = a, + by log o Ny (10)

3.1. Global Correlation Between Aerosol and
Cloud Parameters

[14] At first, we take the correlation using the spatially
and temporally averaged data to find a common feature of
the correlation statistics. The AVHRR-derived parameters
are averaged spatially over a 2.5° x 2.5° segmented area,
and temporally over 3 days, one week, 10 days, 2 weeks and
one month from the daily 0.5° x 0.5° data. The averaged
values are further used to calculate the correlation line
applying a log linear regression method with equation (10).
Since there is a large variability in the averaged values,
we bin the averaged data into number bins of Alog,oN, =
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Figure 1. Correlation plots between column aerosol
number and cloud effective radius using 2.5° x 2.5° daily
averaged AVHRR data. Circles, squares, diamonds, and
triangles show averaged values in January, April, July, and
October 1990, respectively, and error bars indicate one
standard deviation.

0.02 to calculate the mean value and standard deviation in
each bin. To select significant data, we do not use the data
smaller than the 2.5th percentile or greater than the 97.5th
percentile. Figure 1 shows the correlation between log,oN,
and log o, using the 2.5° x 2.5° daily averaged data. Note
that the effective cloud particle radius decreases almost
linearly with increasing aerosol particle numbers. This
tendency is consistent with equation (7) under the assump-
tion of a fixed liquid water path or the first kind indirect
effect proposed by Twomey [1974]. Using a ¢ test, the
negative correlation is found to be statistically significant
with the 95% significance level for each month. A small
correlation slope b, in magnitude for the turbid conditions of
log;oN, > 8.0 indicates a saturation in the cloud response to
the large CCN loading as also reported by several research-
ers [Leaitch et al., 1992; Martin et al., 1994; Boucher and
Lohmann, 1995; Nakajima et al., 2001]. Figure 2 shows the
slopes and coefficients of correlation between log,oN, and
log 7. using several spatial and temporal averagings of the
original daily 0.5° x 0.5° AVHRR data. It is found that the
correlation coefficient approaches one quickly with wider
spatial and/or temporary averages and the daily 0.5° x 0.5°
data do not look suitable for obtaining a reliable correlation,
because of the large variability in the data caused by the
decreased number of cases with both cloudy and clear pixels
for analysis and also by perturbations of small-scaled
dynamical effects. The correlation slope becomes consist-
ently similar values independent of the averaging method
with wider spatial and/or temporary averages, though there
is a decreasing trend with increasing averaging time.
Figure 3 shows the correlation between log,oN, and log, o,
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using the 2.5° x 2.5° three monthly averaged data (DJF:
December 1996 to February 1997; MAM: March to May
1997) derived from POLDER. The figure shows there is an
overall consistency between the AVHRR and POLDER data
sets over the ocean. Over the ocean, the slope of the
POLDER is 2/3 of that of AVHRR, and the correlation
slope over land is about half of that over the ocean (Table 1).
This land/ocean contrast also indicates a CCN saturation
phenomenon in the cloud particle change due to a high CCN
loading. Unlike the AVHRR data case, however, the
POLDER data show a reduction in the effective radius for
very small aerosol numbers for log;oN, < 7.4.
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Figure 2. Correlation slopes and coefficients between
aerosol column number concentration and cloud effective
radius using spatially and temporally averaged data. X axis
indicates the length of temporal average of the daily 0.5° x
0.5° data. Circles, squares, diamonds, and triangles show
averaged values in January, April, July, and October 1990,
respectively. Solid and broken lines indicate 2.5° x 2.5°

averaged and 0.5° x 0.5° data, respectively.
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Figure 3. Correlation plots between column aerosol
number concentration and cloud effective radius using

2.5° x 2.5° monthly averaged POLDER data. Circles,
squares, and diamonds indicate averaged values from
(a) December 1996 to February 1997 and from (b) March
to May 1997 in each bin over the ocean, seashore, and land,
respectively, and error bars indicate one standard deviation.

[15] Figure 4 shows a similar plot between log;oN, and
logioT.. The effect of changing radii and cloud lifetime,
referred to as the first and second indirect effects, seems to
cause a change in the cloud optical thickness as suggested
by the positive correlation in Figure 4. A ¢ test confirmed
the existence of the positive correlation as statistically
significant of the 95% significance level. Though Nakajima
et al. [2001] found these correlations in the range of
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Table 1. Annual Mean of the Correlation Slopes
Parameter Global® Regional®
logor,
AVHRR
—0.100 £ 0.019 —0.031 £ 0.101
POLDER
Ocean —0.0689 —0.0087 + 0.039
Coastal —0.0498 —0.022 £ 0.074
Land —0.0346 —0.0055 = 0.120
log o, 0.156 + 0.046 0.124 £ 0.167
log oW 0.0400 + 0.0415
log oN.. 0.388 £ 0.175
T. 1.09 +2.96 0.767 + 2.830
T —11.97 £ 4.12
n 0.0857 + 0.0253 0.115 £0.121
Zy 24.0 + 455

“The average of the global correlation slopes using 2.5° x 2.5° data.
PThe global average of the regional correlation slopes.

log N, > 7.8, the present analysis shows a positive corre-
lation in all the regions shown in the figure. It should be
noted, however, that the regression slope in the present
study becomes steep around log,oN, = 7.8 to indicate there
is a different cloud response with low and high CCN
concentrations. This difference may come from the differ-
ence in the averaging procedures in the studies, especially
with shorter temporal period for averaging (one day in the
present case) for retrieving the cloud-aerosol interaction
signature more suitably than in the case of one month in
the work of Nakajima et al. [2001]. Figure 5 shows the
slopes and coefficients of correlation between log;oN, and
log 7. with several spatial and temporal averagings. The
correlation parameters significantly depend on the spatial
and temporal average methods contrary to the behavior of
the correlation parameters for 7, as shown in Figure 2. The
April correlation even changes sign from positive to nega-
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Figure 4. Same as Figure 1, but for the correlation
between column aerosol number concentration and cloud
optical thickness using 2.5° x 2.5° daily averaged AVHRR
data.
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Figure 5. Same as Figure 2, but for the correlation
between aerosol column number concentration and cloud
optical thickness.

tive with a longer averaging period when the 0.5° x 0.5°
data are used. Spatial averaging looks more effective to
increase the magnitude of the correlation coefficient and the
2.5° x 2.5° daily average can be considered to represent the
general feature of the statistics. Another interesting point is
that the magnitude of the correlation slope between log N,
and log,oT. is greater than that of the correlation between
log oM, and logor,. as also summarized in Table 1, which
means the increase of the liquid water path according to
equation (8).

[16] Using the r, and 7. data sets, the liquid water path
and the cloud droplet number concentration are estimated
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using equations (3) and (4), and the correlation of these
parameters with the column aerosol number concentration
are calculated. We use the 2.5° x 2.5° daily data to make
the correlation plot, because 2.5° x 2.5° daily averaging can
produce representative statistics as found from Figures 2
and 5. Figure 6a shows that the liquid water path is almost
independent of the aerosol number supporting the result of
Nakajima et al. [2001]. However, it is worthwhile to find a
weak positive correlation of about 10% change for one
order of change of the aerosol number, which is consistent
with the larger correlation slope of 7. than that of , as also
pointed out in Figure 4 and Table I.
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Figure 6. Same as Figure 1, but for the correlation of
(a) the liquid water path and (b) the cloud droplet
number concentration with the column aerosol number
concentration.
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Table 2. Correlation Slope Between log oV, and log;oN..

Study Slope Method
Kaufiman et al. [1991] 0.7 aircraft
Leaitch et al. [1992] 0.257 aircraft
Boucher and Lohmann Ll995]" 0.41 model
Lohmann et al. [2000]" 0.48 model
Nakajima et al. [2001]° 0.50 satellite
Present study 0.388 satellite

“Considered to be that of sulfate aerosols.
"Considered only over the ocean.

[17] In Figure 6b, we find a linear tendency between
the aerosol number concentration (log,oN,) and cloud
droplet number concentration (log;oN.). A f test shows
that the positive correlation is statistically significant at
the 95% significance level. The slope value is around
0.43 + 0.20, which is similar to those in the past studies
from aircraft and satellite measurements as summarized in
Table 2.

[18] Changes in the cloud dynamic parameters, i.e.,
cloud-top temperature, cloud amount and cloud geomet-
rical thickness are also important quantities for estimating
the indirect cloud radiative forcing. Figure 7a shows the
correlation between log N, and the cloud fraction n.
There is a clear positive relationship, which can be
considered as a result of the cloud lifetime effect or
secondary effect, except for the area of extremely high
aerosol loading where there is a tendency of a weak or
negative correlation. One reason for the latter phenome-
non is that aerosols are accumulated in the clear sky
under a persistent high-pressure system. In this situation
the semidirect effect [Hansen et al., 1997] of absorbing
aerosols can also reduce the cloud amount by evaporating
cloud particles. We further investigate the statistics of
the cloud geometric thickness as shown in Figure 7b. The
cloud geometric thickness is assumed as the difference
between the cloud-top height and lifting condensation
level. The latter level is calculated from the ECMWF
reanalysis data. The figure suggests that the geometric
thickness also does not have a significant dependence on
the aerosol number on a global scale. Different from the
case of the cloud fraction, Figure 8a shows no definite
correlation between logoN, and 7. with a negative
correlation in January and a positive correlation in July.
Although Pincus and Baker [1994] found a negative
correlation, their correlation strength is small (about
1 degree cloud-top temperature change) and cannot be
said that their finding is inconsistent with our result of
insensitiveness of cloud-top temperature to CCN loading.
In order to study this issue in more detail, we classify the
atmosphere according to the index of the static stability
proposed by Klein and Hartmann [1993]

AO = (P = 700hPa) — 0(Py. Ty), (11)

where P, and T, are the sea level pressure and surface air
temperature using ECMWF reanalysis data sets, respectively.
Figure 8b shows the result for the region of A > 15,
where low stratiform clouds are frequently observed. A
negative correlation appears in the figure suggesting a stable

atmosphere is needed for the phenomenon found by Pincus
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and Baker [1994]. Nonetheless, the correlation is weak
supporting our conclusion regarding Figure 8a.

3.2. Regional Correlation Between Aerosol and
Cloud Parameters

[19] In this subsection, we investigate the regional corre-
lation between the column aerosol number concentration
and cloud parameters in order to find regional differences.
We gather 0.5° x 0.5° daily data for a larger sampling area,
such as each 2.5° x 2.5° area of the globe, and calculate the
slope of the regression line in each sampling area for each
month. Similar to the former subsection, we bin the aver-
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Figure 7. Same as Figure 1, but for the correlation of
(a) all cloud fraction and (b) cloud geometrical thickness
with the column aerosol number concentration.
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Figure 8. Correlation plots between (a) column aerosol
number concentration and cloud-top temperature and
(b) plots for the region with A§ > 15.

aged data into number bins of Alog;oN, = 0.02 to calculate
the mean and standard deviation. We do not calculate the
correlation in regions that have less than 10 data points. We
try several area sizes from 2.5° x 2.5° to 27.5° x 27.5° to
see the effect of the sampling area size. Figure 9a shows the
correlation slope between log, (N, and log, . for which we
use the AVHRR data with a 17.5° x 17.5° area sampling.
The figures (top to bottom) are for January, April, July and
October in 1990. Forty percent of the area has a significant
negative correlation with a 95% significant level using the
t test. Negative correlation slopes similar to the global
statistics are found along coastal regions of the continents
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where aerosols of continental origin meet with the clear
oceanic air mass, suggesting that the aerosol indirect effect
is the dominant cause of the negative correlation. Another
important fact in the figure is the correlation slope has a
large dependence on the location and time. The correlation
is generally not strong in the winter season. Some area, like
the Atlantic Ocean, has a distinct seasonal change in the
slope even with a positive correlation in the spring season.
Also some areas, such as the southern Pacific Ocean, have a
positive slope throughout the year.

[20] We take a similar correlation with the three-month
POLDER data with a 17.5° x 17.5° area sampling as shown
in Figure 9b. Similarly to the AVHRR case. a strong
negative correlation is found in most of the coastal zones
around continents. It is interesting to find significantly large
positive correlation slopes in most land area of China and
Canada in the DJF season, and Amazon and India to the
Middle East regions in the MAM season. It is difficult to
explain such positive correlations only with the first and
second indirect effects of aerosols. More comprehensive
studies with detailed meso-scale models are needed to
understand this phenomenon.

[21] The correlations of the cloud optical thickness,
cloud-top temperature and cloud fraction (logoT., # and
T.) vs. the aerosol column number concentration (log,oN,)
are shown in Figures 10a, 10b, and 10c. respectively.
Figure 10a shows that most regions have a positive corre-
lation. The 70% area over the globe has correlation with a
95% significance level. The figure indicates that regions
with large positive slopes correspond to the regions of
significant negative slopes of the effective radius, support-
ing the indirect effect of aerosols being dominant along the
coastal regions around the continent. It is interesting to find
that the winter hemisphere tends to have a larger slope in the
optical thickness. This phenomenon strongly suggests that
an aerosol input to a clear air mass tends to cause a greater
second indirect effect to enhance the optical thickness
increase. In addition, the atmospheric stability is considered
to be concemed in the phenomenon. The continental air
tends to be colder than sea surface in the winter season to
form a stable atmospheric condition in which the continen-
tal aerosols are effectively fed to the marine boundary layer
clouds at the coastal regions. This strong physical linkage
between the continental aerosols and the low level clouds in
the winter season can cause a relatively larger slope and
higher correlation than in the summer season. This mech-
anism can work more effectively near the coastal region
than in the offshore region because the air in the marine
boundary layer is quickly cleansed by wet deposition
induced by seeding effect of sea salt aerosols [Rosenfeld
et al,, 2002]. The correlation slope of the cloud fraction
(Figure 10b) also has features similar to those of the optical
thickness. There are some negative areas around the west
coast of the Saharan desert and stronger correlations can be
seen in the winter hemisphere. Seventy-seven percent of the
area has a correlation with a 95% significance level. To our
knowledge, there is no other report showing an observed
global-scale change in the cloud fraction as a function of
CCN loading. However, Figure 10c indicates that the
correlation slope of the cloud-top temperature becomes
positive and negative depending on the location and season.
The clear difference in sign can be seen between the
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Figure 9. Distributions of the correlation slope between logoN, and log;or, with (a) AVHRR and

(b) POLDER data for 17.5° x 17.5° area sampling.

northern and southern hemispheres in January and October.
It is thus concluded that our regional data analysis does not
also support a significant common tendency between aero-
sol and cloud-top temperature.

[22] Figure 11 shows the global averages of the correla-
tion slope and correlation coefficient of 7. and »n with
logioN, as a function of the sampling area size. It is found
that as the area size increases, the correlation slope con-
verges at a fixed value, and the correlation becomes better.
Compared with the result of the global sampling method in
Figures 2 and 5, the slope of the global correlation thus
obtained is larger for 7. and smaller for n. It is thus
concluded that the correlation slope depends on the method
of comparison between the cloud parameters and the aerosol
number, although the sign of the correlation slope does not
depend on the correlation method. We summarize the global

averages of the correlation slopes thus obtained in Table 1.
As a conclusion, we recommend the sampling method for
obtaining the global and regional correlation statistics to be
daily and large sampling area, such as 2.5° x 2.5° area
averaging. However, too large a sampling area is also not
suitable because we lose the validity of taking the correla-
tion between the averages over such a large sampling area.

3.3. Cloud-Top Temperature Change

[23] In the previous section, it was difficult to find a
correlation between aerosol and cloud-top temperature,
suggesting that the cloud-top temperature is mainly con-
trolled not by the aerosol number, but by dynamic circula-
tion. It should be noted in this regard that Rosenfeld [2000]
observed that the particles of polluted clouds grow to the
precipitation threshold radius of 14 pm [Rosenfeld and
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sampling.

Gutman, 1994] slower than that of clean clouds leading to a
suppressed precipitation. This observation suggests that the
cloud height at which the cloud particles grow to 7, = 14 pum
is expected to be higher than that in the preindustrial era. In
order to investigate this effect on a global scale, we
calculate the global distribution of the temperature that
cloud particles grow to 14 pm in radius. Hereafter we call
this temperature “7',,”. To obtain T, the daily 0.5° x 0.5°
7, and T, are gathered for each month and 2.5° x 2.5° area
of the globe and averaged r, are plotted for each 1K
intervals following the method of Rosenfeld and Lenskey
[1998]. Figure 12 shows the profiles of 7, and 7. in the
Amazon and China. The lower the cloud-top temperature,

the larger the cloud droplets grow in the Amazon (solid line
in Figure 12). In China (broken line in Figure 12), the same
tendency is seen in the profile of July, but cloud particles do
not appear to grow in January. This result shows that
summer pollution significantly suppresses the growth of
cloud particles. Using this plot, we evaluate the temperature
at 7,4 unless the gradient of the curve is negative or the
effective radius does not grow to 14 pm before the temper-
ature is under 258 K. Figure 13 shows the distribution of
T4 It is found from the figure that 7, is low over and
around land, especially the Californian offshore and the east
coast of China, where aerosol outflows are frequently
observed [Higurashi et al., 2000]. A distinct seasonal
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Figure 10. (continued)

change in 77, is seen over the Amazon area. There is also a
low T, area around the latitude of 20° in the winter
hemisphere.

[24] Figure 14 shows the correlation of 7, versus
logoN,. Although the correlation coefficient is small in
April, the graph for logoN, > 7.8 has a clear negative slope.
Therefore it is concluded that the proposal of Rosenfeld
[2000] for particle growth suppression of cumulus clouds is
also significant for high aerosol concentration cases on a
global scale. A t test confirms the existence of a negative
correlation with the significant level of 95%.

4. KEstimation of the Radiative Forcing

[25] In this section, we evaluate the radiative forcing of
the aerosol indirect effect assuming that the cloud parame-
ters have changed along the correlation curves obtained in
the preceding sections. We further assume that the globally

AAC 4 - 11

averaged aerosol number concentration has increased by
30% from the preindustrial era based on the two estimates,
ie., 15% by Charlson et al. [1992] and 40% by Penner et
al. [1999], for deriving the cloud parameters in the prein-
dustrial era. The indirect forcing is then calculated as the
difference between the cloud radiative forcing in the present
condition and that in the preindustrial condition.

[26] For our first estimation of the indirect forcing, we
assume that the cloud effective radius and optical thickness
in each region have changed along the global correlation
slope using the 2.5° x 2.5° daily data for each month as
given in section 3.1. This assumption allows us to estimate
the global changes in 7, and T, after the industrial revolution
as —2.74% and 4.28%, respectively, and calculate the global
annual mean radiative forcing as —0.91 + 0.27 W m ~ as
shown in Table 3. The first indirect forcing using the
assumption that LWC is constant, i.e., the slope of logoT.
is the opposite sign of that of log;or., is estimated to be
—0.64 + 0.16 W m 2. This assumption can also be adopted
for the POLDER data to obtain the first indirect radiative
forcing as —0.37 + 0.09 W m 2 over the ocean. In this
regard, it should be noted that Nakajima et al. [2001] have
found a positive correlation between 7. and N, only when
logoN, > 7.8. Therefore we try an alternative estimation of
the radiative forcing using the regression lines of t.and N,
only when log;oN, > 7.8. The global mean value of
the indirect radiative forcing thus obtained is —0.13 +
0.05 W m™? (Table 3), which is less than half of the value
without the lower limit of N, in the evaluation. We have to
study in the future the statistics of the cloud optical
thickness more precisely in order to overcome this ambigu-
ity about the lower limit of the aerosol number used in the
analysis, although we have a feeling that the unlimited case
is more plausible.

[27] In order to study the uncertainty in the forcing
evaluation due to the selection of the cloud correlation
slope, our second forcing evaluation is done with the
regional correlation slope of the cloud effective radius
and optical thickness for each month given in section 3.2.
The atmospheric conditions are the same as those of the
first estimation using the slope of the global correlation.
Figure 15 shows the distribution of the first and second
indirect forcings evaluated from data with the 17.5° x 17.5°
area sampling. Most areas have a cooling effect except for
the west coast of the Saharan desert with a slightly positive
forcing. The areas adjacent to the Saharan desert is under an
extremely dry condition in which the cloud formation
process is much different from those in the other areas.
This positive forcing is not significant to the global esti-
mation of the radiative forcing because of the small cloud
fraction in this area. The annual global forcing is then
calculated to be —0.68 + 0.16 W m~, which is somewhat
smaller than the indirect forcing using the slope of the
global correlation. The first indirect radiative forcings
are estimated as —0.16 + 0.08 (AVHRR) and —0.10 +
0.06 W m % (POLDER), which are also smaller than that
using the slope of the global correlation.

[28] So far we took into account only the change in the
optical thickness and effective particle radius fixing the
cloud fraction. If we use the slope of the global correlation
between n and log,oN,, the cloud radiative forcing caused
by the cloud fraction change after the industrial revolution is
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Figure 14. Same as Figure 1, but for the correlation
between the column aerosol number concentration and 7.

estimated as —0.54 £ 0.20 W m™2. The annual global
average is estimated as —0.73 + 0.21 W m~ 2 if the regional
correlation slope is used. We finally calculate the total
forcing with all the indirect effects, i.e., cloud effective
radius, optical thickness and cloud fraction, as —1.43 +
0.43 W m~? (global correlation) and —1.40 + 0.35 W m ™2
(regional correlation). These results indicate that the change
in the cloud fraction had a substantial cooling effect
comparable to the other indirect effects.
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[20] It is more difficult to evaluate the effect of the cloud-
top temperature change. According to the tendency shown in
Figure 1f, the cloud-top temperature did not significantly
change. In this case there is no radiative forcing caused by a
change in the cloud-top temperature. This may be the most
possible scenario of the temperature change. However, the
maximum possible forcing can be given by the forcing
estimated by supposing that the cloud-top temperature has
changed according to the correlation similar to that of 7. In
this case, it is found that the cloud-top temperature change
is thought to cause a positive forcing of about +0.87 +
0.37 W m™? to largely reduce the total negative indirect
forcing caused by the indirect effects associated with changes
in T, r., and n. Since there is no resemblance of the correla-
tion for T, versus log;oN, to that for T, versus log,oN,. we
feel the former scenario without large dependence of the
cloud-top temperature on the aerosol number is more possible
than the latter for the evaluation of the past change in the
radiative forcing after the industrial revolution.

[30] For reference, we also calculated the radiative forc-
ing of the direct effect by simply assuming a 30% increase
in the aerosol number all over the globe and that the optical
properties are the same as used in the satellite retrieval.
The direct radiative forcing is thus estimated to be about
~0.40 W m~2 over the ocean. It suggests that the direct
effect is smaller than the indirect radiative forcing.

5. Discussion and Conclusions

[31] In this study, we found systematic global correlations
of the cloud microphysical parameters with the column
aerosol number from AVHRR and POLDER remote sens-
ing data. The effective radius has a negative correlation
with the aerosol number and the correlation slope does not

Table 3. Annual Mean Values of the Radiative Forcings, W m™*

AVHRR POLDER
A, % RF A, % RF
Global

First
Maritime Ar.= =259 —0.64 £ 0.16 Ar,=—1.76 —0.37 £ 0.09
Continental Ar. = —0.98 —0.04 £ 0.21
First and second

Ar, = -2.59

AT, =4.01 —-091 +0.27
First and second, logoN,, > 7.8

Ar, = —0.53

AT, =081 —0.13 £ 0.05
Cloud fraction

An =0.98 —0.54 £ 0.20
Total

—1.43 £0.43
T. AT. = —1.36 [K] 0.87 +0.37
Regional

First
Maritime Ar, = —0.81 —0.16 + 0.08 Ar, = —0.25 —0.10 £ 0.06
Continental Ar.=—1.29 —0.24 £ 0.08
First and second

Ar, = —0.81

AT.=320 —0.68 £0.16
First and second, log oV, > 7.8

—0.12 £ 0.04

Cloud fraction

An =131 —0.73 £0.21

Total

—1.40 + 0.35
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Figure 15. Global distributions of the first and second
radiative forcings using regional correlation with 17.5° x
17.5° area sampling.

change much with the sampling method if we adopt the
2.5° x 2.5° area sampling. However, the cloud optical
thickness and cloud fraction have a positive correlation with
the aerosol number. Both the AVHRR and POLDER data
showed a strong negative correlation around the coast zone
of the continents. One of topics is the effect of the threshold
of cloud-top temperature we used in this study. We tested
the condition of 7, > 273 K, which is the same assumption
as that of Nakajima et al. [2001], instead of 7. > 257 K
used in the present study. We found that the differences
between the two results was larger in the monthly sampling
method than in the daily one, but not significant enough to
change the conclusion presented in the preceding sections,
nor can it explain the difference from that of Nakajima et
al. [2001]. It is, therefore, concluded that the differences
between the present result and that of Nakajima et al.
[2001] are mainly caused by the difference in the sampling
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methods and the lower limit of the aerosol number used in
the analysis.

[32] Using these correlation slopes and the assumption
that the aerosol column number concentration have
increased by 30% from the preindustrial era, the total radia-
tive forcing of the aerosol indirect effect was then evaluated to
be about —0.6 to —1.2 W m 2. This value is somewhat
smaller in magnitude than —1.4 W m™? by Nakajima et al.
[2001] over ocean, but within 0 to —2 W m™ > that IPCC
[2001] indicated. If the indirect effect includes the effect of
cloud fraction change, the total indirect radiative forcing is
estimated to be about —1.0 to —1.8 W m 2. However, our
estimation of the direct forcing is —0.40 W m™* over ocean
and is similar to the estimates of —0.42 W m * by IPCC
[2001] and —0.2 W m by Takemura et al. [2002]. These
values suggest that the indirect radiative forcing generated
after the industrial revolution was greater than the direct
forcing, though a large uncertainty still exists in the estimates.
The important but uncertain assumption in the indirect effect
estimation is the assumption of how much aerosols have
increased after the industrial revolution. In our estimation,
we assumed a 30% increase, but there are widely varying
values given by the past studies ranging from 15% to 100%
[Charlson et al., 1992; Penner et al., 1999; T. Takemura,
personal communication, 2002]. This wide range of estimates
corresponds to the cloud forcing range from —0.3 to
—3.0 W m 2. Also, it will not be good to assume the same
increase rate of the aerosol number concentration as 30% in
all regions for our forcing estimation, because aerosols
increased more in urban regions than in the remote ocean
area from the preindustrial era. We need more future studies
of evaluating the preindustrial values of aerosol and cloud
parameters.

[33] The cloud-top temperature did not have a global nor
regional correlation with the aerosol number in the present
study, because the cloud-top height is mainly determined
by the vertical temperature and humidity profiles. In spite
of this insignificance of the cloud-top temperature, the
cloud temperature at which cloud particles grow to 14 pm
in radius, 7,4 has a clear negative correlation with the
aerosol number. If this change occurs in the entire cloud
system, the induced radiative forcing is estimated to be
about +0.87 W m 2, although we feel this scenario is
unlikely as the past change in the cloud-top temeperature.
Nonetheless it is not too wrong to conclude that the cloud-
top temperature change has the potential to largely suppress
the forcing and turn the sign of the forcing to positive. We
also should pay attention our finding of the large aerosol
effect on 7,, means substantial effects of suppressing the
precipitation by aerosols occurring on a global scale. This
is the source of the effect on the cloud lifetime and cloud
cover, which was found here to be greater than the direct
radiative effect. Furthermore, it is possible in the real
situation of increasing aerosols that anthropogenic aerosol
increase changes the cloud-top temperature and humidity
profiles by the induced secondary circulation, and thus
change the cloud-top temperature [Santer et al., 1996].
This effect is not separated from other effects in our
statistical analysis that is based on the cloud field changes
caused by the regional aerosol concentration change. In
summary, we still need for future studies to improve the
present estimates for the radiative forcing of the indirect
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aerosol effects, after solving several difficulties observed in
the present investigation.
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