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GCMs may tend to overestimate the indirect aerosol
effect. Existing GCM-based calculations include many
simplifications and uncertainties, and cannot capture all
the subtle aspects of the interaction between aerosols
and clouds (Haywood and Boucher 2000). For example,
recent studies have found that cloud albedo increases
more slowly with aerosol loading than expected for a
constant cloud liquid water content, possibly due to a
combination of increased cloud absorption of shortwave
radiation and enhanced evaporation of cloud droplets in
polluted clouds (Ackerman et al. 2000a; Coakley and
Walsh 2002). Some of the postulated interactions that
lead to enhanced evaporation are complex, and are dif-
ficult to resolve with the coarse vertical resolution and
simplified physics that are used in GCMs. Recently, Liu
and Daum (2002) discussed another aspect of the in-
direct aerosol effect that has not been considered in the
GCM-based studies mentioned earlier. They compiled
observations that showed a systematic increase in the
breadth of the cloud droplet spectrum with increasing
N, due to increasing anthropogenic aerosols. The
breadth is measured by the relative disperson (e€), de-
fined as the ratio of the standard deviation to the mean
radius of the droplet number size distribution. For a
given volume-averaged mean radius, an increase in €
results in an increase in droplet effective radius, which

is given by
3L 13
= 3 l
e B<47rp,N> 0

where L is the cloud liquid water content, p, is the den-
sity of liquid water, and the spectral shape factor 3 is
well approximated by (Liu and Daum 2000a,b)

(1 + 2e2)2?
(1 + 62)”3 '

B = (2)
The observations, shown previously by Liu and Daum
(2002), are reproduced in simplified form in Fig. 1. They
were obtained from measurements in polluted and un-
polluted warm stratiform and shallow cumulus clouds
southwest of San Diego (Noonkester 1984), over the
northeastern Pacific (Albrecht et al. 1988; Yum and
Hudson 2001), the northeastern Atlantic (Garrett and
Hobbs 1995; Hudson and Li 1995; Hudson and Yum
1997; Yum and Hudson 2001), the Southern Ocean
(Boers et al. 1998; Bates et al. 1998; Yum and Hudson
2001), the eastern Florida coast (Knight and Miller
1998; Hudson and Yum 2001; Yum and Hudson 2001),
west of California (Ackerman et al. 2000b; Noone et
al. 2000a,b) and over the northern Indian Ocean
(McFarquhar and Heymsfield 2001). The spectral shape
factor is an increasing function of the relative dispersion,
so that, for example, an increase of € from 0.3 to 0.6
gives an increase of 8 from 1.09 to 1.30. Liu and Daum
(2002) argued that the tendency of € to increase with
N may substantially negate the effect of increased N on
effective radius and hence on cloud albedo.
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FiG. 1. Measurements of the relation between the relative dispersion
of the cloud droplet spectrum (€) and the cloud droplet number con-
centration (N). The lower, middle, and upper curves show the pa-
rameterizations used in the LOWER, MIDDLE, and UPPER simu-
lations, respectively. Also shown on the right axis are the corre-
sponding values of B, as given by Eq. (2).

Although there is no definite explanation at this stage
for why increasing anthropogenic aerosols simulta-
neously increases the droplet concentration and the rel-
ative dispersion, some suggestions have been provided.
Srivastava (1991) showed that the variance of the drop-
let spectrum increases with time if the effect of surface
tension is included in the adiabatic condensational
growth equation, and that the surface-tension-caused en-
hancement in the variance increases with the droplet
concentration. According to this study, polluted clouds
with a higher droplet concentration tend to have a larger
relative dispersion, other factors being the same. This
result was further confirmed by the numerical experi-
ments of Wood et al. (2002) using an ensemble of adi-
abatic air parcels consisting of aerosols of pure am-
monium sulfate. Hudson and Yum (1997) further
showed, using an adiabatic cloud model, that higher
total concentration (C) and lower slope (k) of the CCN
power-law spectrum associated with polluted clouds
leads to larger standard deviation of the droplet spec-
trum. Another idea was proposed by Feingold and
Chuang (2002), who argued that organic films that form
on the surface of haze droplets can cause increases in
the relative dispersion as large as tenfold. A broader
aerosol size distribution was also found to give rise to
a larger relative dispersion. Therefore, the simultaneous
increase of the relative dispersion and droplet concen-
tration with increased aerosol loading may be due to a
more complex chemical heterogeneity of anthropogenic
aerosols, a broader size distribution, more small droplets
competing for water vapor in polluted clouds compared
to clean clouds, or a combination of the three (Liu and
Daum 2002). Some gases in polluted clouds have also
been suggested to affect cloud microphysics and gen-
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erate broader droplet size distributions (Zhang et al.
1999; Charlson et al. 2001).

The purpose of this short paper is to evaluate the sen-
sitivity of a GCM-based calculation of the first indirect
effect to simple parameterizations of the increase of €
with N suggested by the data in Fig. 1. The model is
described in section 2. Results are presented in section
3, with a summary and concluding remarks in section 4.

2. Model description

We have fitted three curves to the data in Fig. 1,
designed to represent the average variation of € with N,
as well as lower and upper bounds of this variation. All
curves are represented by equations of the form

e =1 — 0.7 exp(—aN), 3)

where a = 0.001 for the lower curve, 0.003 for the
middle curve, and 0.008 for the upper curve. It should
be noted that there is considerable scatter in the data.

We have tested these simple parameterizations in a
low-resolution (spectral R21) version of the Common-
wealth Scientific and Industrial Research Organization
(CSIRO) Mark 3 GCM (Gordon et al. 2002). The model
grid has a horizontal resolution of approximately 5.6°
longitude X 3.2° latitude, and 18 vertical levels. The
model includes a physically based cloud scheme (Rots-
tayn 1997; Rotstayn et al. 2000) and an interactive treat-
ment of the tropospheric sulfur cycle (Rotstayn and Loh-
mann 2002). The cloud scheme includes treatments of
liquid water and ice clouds, although the parameteri-
zation considered here only affects liquid water clouds.
When ice and liquid water coexist in a grid box, the
simplifying assumption is made that ice and liquid water
are in separate parts of the grid box. The cloud droplet
concentration in liquid water clouds is parameterized as
an empirical function of the sulfate mass concentration
m, using a relation from Boucher and Lohmann (1995),
namely,

N = 162mo4, (4)

with VN in em~* and m in ug m—3. (Use of a sulfate-
dependent parameterization of N entails the simplifying
assumption that sulfate can be used as a surrogate for
all aerosols that act as cloud condensation nuclei.) The
droplet effective radius is then calculated using (1), with
L taken as the liquid water content at the top of each
model layer, based on the idea that the shortwave fluxes
are largely controlled by the effective radii at cloud top
(Jones et al. 1994). This amounts to increasing r, by a
factor of 2' (about 1.26) relative to the midlayer value,
since L is assumed to increase linearly with height with-
in each model layer, from zero at the bottom of the layer
to twice the midlayer value at the top of the layer. The
values at the top of each layer may be more appropriate
than the midlayer values for comparison with satellite-
retrieved effective radii, since the radiances measured
by satellite tend to be generated in the upper parts of
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the cloud. However, this is uncertain, and it should be
noted that Nakajima et al. (1991) found that their re-
trieved effective radii were around 10% smaller than
those given by a model in which L increased linearly
with height. Also, it should be noted that our method
of calculating r, is based on a physical picture that is
appropriate to single-layer clouds, and it is less clear
whether it is appropriate to multilayer (vertically ex-
tended) clouds. However, we have found in practice that
it does tend to improve the agreement between modeled
and observed values of r,.
The optical depth of liquid water clouds is

3LAz
T = ,
2p1re

)

where Az is the model layer thickness. Combined with
(1), this gives the expected result that 7« N'* (Twomey
1977), provided that LAz and B are fixed. The optical
depths are used to calculate the cloud reflectivities and
absorptivities required by the shortwave radiation rou-
tine (Lacis and Hansen 1974), using a delta-Eddington
scheme (Slingo 1989). The cloud emissivity in this ver-
sion of the model does not depend on N, so it is not
expected that there will be any effect on longwave ra-
diation from variations in N, other than as a result of
feedbacks that may occur.

We perform four pairs of experiments, each consisting
of one run with preindustrial sulfur emissions, and one
run with modern-day sulfur emissions, which corre-
spond to the year 1985. The preindustrial emissions
amount to 24 Tg S yr~', and the modern-day emissions
amount to 93 Tg S yr~' (Rotstayn and Lohmann 2002).
The preindustrial emissions are obtained from the mod-
ern-day emissions by setting the large industrial source
of sulfur dioxide to zero, and the relatively small bio-
mass-burning source of sulfur dioxide to 10% of its
modern-day value. Since the simulated cloud droplet
number concentration depends only on sulfate concen-
tration, the main differences between the droplet effec-
tive radii in the two runs are expected to occur in the
industrialized regions of the Northern Hemisphere, and
it is likely that the model underestimates the effect of
biomass-burning aerosols on droplet effective radius.

Each experiment is run for 16 yr, of which we discard
the first year as a spinup period. In all runs, sea surface
temperatures (SSTs) are prescribed as monthly mean
values appropriate to the present climate. The only dif-
ference between the preindustrial run and the modern-
day run in each pair is in the first indirect aerosol effect,
because we neglect direct aerosol radiative effects, and
suppress the second indirect effect by using prescribed
values of N in the calculation of autoconversion in the
cloud scheme. (The prescribed values are 100 cm ~* over
oceans, and 250 cm~* over land.) We decided to sup-
press the second indirect effect, because of the empirical
studies cited in the introduction, which cast doubt on
the realism of GCM calculations of the second indirect
effect.
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TaBLE 1. Shortwave quasi forcing due to the first indirect aerosol
effect, using four different schemes to specify the relative dispersion
of the cloud droplet spectrum. Quasi forcings in W m—.

CONTROL LOWER MIDDLE UPPER
Global —1.39 -1.22 —L17 —0.90
NH -2.07 —1.82 -1.74 —1.42
SH —-0.72 —0.62 -0.59 -0.37

The radiative perturbation due to the first indirect
aerosol effect is calculated as the difference in the net
shortwave fiux at the top of the atmosphere between the
modern-day and preindustrial runs. Although this is not
a pure radiative forcing, in the sense that the atmo-
spheric circulation is allowed to vary between the two
simulations, Rotstayn and Penner (2001) found that the
difference in net irradiance between two simulations,
which they termed a quasi forcing, provided a good
approximation to a pure radiative forcing (in which ev-
erything other than the initially perturbation is held
fixed). By focusing on the shortwave flux, we eliminate
any possible longwave feedbacks. The four pairs of sim-
ulations differ in the method used to calculate B, as
follows:

1) CONTROL, in which 3 is prescribed separately over
oceans (8 = 1.08) and over land (8 = 1.14), based
on measurements from Martin et al. (1994).

2) LOWER, in which e is calculated using (3), with «
= 0.001, and B is calculated using (2).

3) MIDDLE, in which e is calculated using (3), with «
= 0.003, and B is calculated using (2).

4) UPPER, in which e is calculated using (3), with «
= 0.008, and B is calculated using (2).

3. Results

The results from the four pairs of experiments are
summarized in Table 1. The globally averaged quasi
forcing of —1.39 W m~2 from the pair of CONTROL
simulations is within the range of —0.4 to —1.85 W
m 2 obtained by other models for the first indirect effect
(Penner et al. 2001). The magnitude of the globally
averaged value is 12% smaller in the LOWER simu-
lations, 16% smaller in the MIDDLE simulations, and
35% smaller in the UPPER simulations. The decrease
is largest in the UPPER simulations, because the upper
curve in Fig. | has the largest slope over the most rel-
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evant range of droplet concentrations. Droplet concen-
trations simulated by the model are mostly less than 400
cm 3, even in the modern-day simulations. Introduction
of the new parameterization has a relatively larger effect
on the shortwave quasi forcing in the Southern Hemi-
sphere (SH) than in the Northern Hemisphere (NH).
This is because droplet concentrations are generally
lower in the Southern Hemisphere, so that the shift from
preindustrial to modern-day conditions in the Southern
Hemisphere occurs closer to the left edge of Fig. 1,
where all three curves have a steeper slope.

The effect of the new parameterization is also seen
in the effective radii. The simulated values over oceans
are summarized in Table 2, together with long-term sat-
ellite-retrieved values from Han et al. (1994) and Ka-
wamoto et al. (2001). The reason for restricting the com-
parison to oceans is that it reduces the impact of the
larger landmass in the Northern Hemisphere, and of a
possible bias in the first satellite retrieval over land,
where dust particles over arid regions may be misin-
terpreted as small cloud droplets (Han et al. 1994). Fur-
ther, all the data have been restricted to the region be-
tween 45°N and 45°S, because the retrieval of Han et
al. is limited to these latitudes.

Although the differences between the satellite retriev-
als make it difficult to draw firm conclusions, it is still
of interest to compare the hemispheric contrasts in ef-
fective radius, because this contrast may be regarded as
a first-order estimate of the ‘““signature’ of the indirect
aerosol effect (e.g., Boucher 1995). The hemispheric
contrast in effective radius is 0.82 um in the retrieval
of Han et al. (1994), but only 0.14 um in the retrieval
of Kawamoto et al. (2001), even though both are based
on data from the Advanced Very High Resolution Ra-
diometer (AVHRR). Sources of error that contribute to
the uncertainty in the retrieved effective radius have
been discussed by Szczodrak et al. (2001) and Harsh-
vardhan et al. (2002). It should be noted that a recent
retrieval from POLDER (Breon et al. 2002) does suggest
a substantial hemispheric contrast in effective radius of
about 1 um. However, this retrieval only covers the 8-
month period from November 1996 to June 1997, and
may tend to exaggerate the effect, due to the omission
of the major biomass-burning season (July—October) in
the tropical regions of the Southern Hemisphere.

Table 2 shows that the new parameterization reduces
the hemispheric contrast in effective radius over oceans
by between 9% and 38% relative to the CONTROL

TaBLE 2. Cloud droplet effective radii from the four modern-day simulations, and from two long-term satellite retrievals, averaged over
oceans between 45°N and 45°S. Effective radii in micrometers. HAN and KAWA refer to the satellite retrievals of Han et al. (1994) and

Kawamoto et al. (2001), respectively.

CONTROL LOWER MIDDLE UPPER HAN KAWA
Global 11.23 11.66 12.36 13.81 11.92 12.51
NH 10.86 11.33 12.09 13.58 11.47 12.44
SH 11.54 11.95 12.59 14.00 12.29 12.57
SH minus NH 0.68 0.62 0.50 0.42 0.82 0.14
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simulation. In all four pairs of simulations, the hemi-
spheric contrast in effective radius lies between the two
satellite-retrieved values, so we are unable to draw any
firm conclusions regarding which simulations are more
realistic. This underlines the importance of further ob-
servational work to reduce the uncertainty in the satellite
retrievals. The global value from the MIDDLE simu-
lation agrees well with the satellite-retrieved values, in
that it lies between the values from the two retrievals.
In contrast, the modeled values are smaller than the
satellite-retrieved values in the CONTROL and LOW-
ER simulations, and larger than the satellite-retrieved
values in the UPPER simulation. This provides tentative
support for the use of the MIDDLE parameterization in
GCMs.

4, Summary and concluding remarks

Our tests in the CSIRO GCM indicated that allowing
the relative dispersion (breadth) of the cloud droplet
spectrum to increase with cloud droplet number con-
centration as suggested by observations can decrease
the magnitude of the simulated first indirect aerosol ef-
fect by between 12% and 35%. The marked sensitivity
to the relation between the relative dispersion and the
droplet concentration suggests the need for more re-
search to reduce the large uncertainty involved in this
relationship.

In addition to aerosols, cloud dynamics such as up-
draft velocity and turbulent entrainment and mixing also
strongly affect both the relative dispersion and droplet
concentration (Beard and Ochs 1993; Telford 1996;
Hudson and Yum 1997). Therefore, just as in estab-
lishing the relationship between cloud droplet concen-
tration and aerosol loading, the effects of cloud dynam-
ics need to be minimized or normalized to identify the
effect of aerosols on the relative dispersion, for example,
by examining data with the same liquid water content.
Furthermore, even the same aerosols may have different
microphysical effects, if they are emitted into environ-
ments with different cloud dynamics (Feingold and
Chuang 2002). Such dynamical effects are likely to be
the reason for the different relationships between rela-
tive dispersion and droplet concentration tested in this
work, and for the large scatter in the data presented in
Fig. 1. Therefore, future research to address the effects
of cloud dynamics and to statistically analyze cloud dy-
namics over the scale of GCM grid boxes is critical for
reducing the large uncertainty in the indirect aerosol
effects. It is also worth mentioning that measurements
of cloud droplet size distributions, and therefore relative
dispersion and droplet concentration, may suffer from
instrumental uncertainties because of limitations of the
Forward Scattering Spectrometer Probe (FSSP) used to
measure droplet size distributions (Baumgardner and
Spowart 1990).

Even more puzzling than the first indirect effect is
the second indirect effect, which we deliberately ex-
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cluded from this study. It is worth noting that the breadth
of the cloud droplet spectrum is an important factor that
determines the autoconversion rate, which is expected
to increase in the presence of a few large droplets (e.g.,
Beard and Ochs 1993). A tendency towards broader
droplet spectra in polluted air masses may substantially
offset the suppression of autoconversion that typically
occurs in GCMs when the autoconversion rate is al-
lowed to respond to increased droplet concentration.
This effect is generally not considered in GCMs, and
is another important topic for future research.
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