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ABSTRACT
This study simulates optical depth of marine warm clouds for year 2001 based on interactively predicted aerosol
concentrations with a global chemical transport model (CTM) driven by the ERA-40 re-analysis meteorological data.
The simulated aerosol and cloud droplet number concentrations (CDNC) largely reproduce the variations between
polluted and pristine marine environment as revealed by surface and aircraft measurements. By constraining cloud
liquid water path (CLWP) with satellite microwave measurements, the simulated global and southern hemispheric
aerosol optical depth (AOD) and cloud optical depth (COD) are well within 10% of the observed values. As a result of
larger anthropogenic aerosol loadings over the northern oceans, the simulated CDNC and COD are, respectively, by 51
and 18% higher than those over the southern oceans, while the column-averaged droplet effective radius is 13% smaller.
These simulated interhemispheric differences, while qualitatively consistent with satellite observations, are larger than
the observations. Inclusion of drizzle effect improved the disparities but not entirely. The constrained CTM generally
captures the seasonality in AOD and CLWP observations, and demonstrates that annual cycle of COD is dominated by
CLWP. During winter monsoon the simulated and observed COD correlate more strongly with changes in AOD over

the N. Indian Ocean.

1. Introduction

The critical role of aerosols in the determination of cloud ra-
diative properties is far from being accurately evaluated on a
global basis, largely because aerosol—cloud interactions are man-
ifested in both cloud macro- and microphysical properties. With
constant liquid water content, an increase in aerosol number
concentration can lead to an increase in cloud droplet number
concentrations (CDNC) and a reduction in droplet size, followed
by an enhancement in cloud optical depth (COD) and albedo.
This is the so-called Twomey’s or cloud albedo effect (Twomey,
1974). Aerosols serving as cloud condensation nuclei (CCN)
could also increase cloud cover and height, and suppress the
onset of precipitation. These effects are referred as cloud life-
time effect (Albrecht, 1989), and often considered in climate
feedbacks. Many observational evidences established the links
between the atmospheric abundance of aerosols to the changes
of cloud properties (Conover, 1966; Coakley et al., 1987;
Kaufman and Nakajima, 1993; Han et al., 1994; Reid et al.,
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1999; Andreae et al., 2004). However, estimates of the aerosol
effects by global modelling or remote sensing alone have con-
siderable discrepancies, subject to individual uncertainties and
limitations (Forster et al., 2007). Satellite-based estimate of the
cloud albedo effect due to aerosols is about —0.2 £ 0.1 Wm™2
(Quaas et al., 2008). And it is much smaller than the IPCC-
reported median value of —0.7 Wm~2 with a 5-95% range of
—0.3 to —1.8 Wm2, based on chemical transport or global
climate model simulations (Forster et al., 2007).

The fundamental difficulty in judging the validity of global
model simulations of aerosol—cloud interactions is the lack of
such reliable global data sets that can be directly used to eval-
uate the simulated aerosol and cloud microphysical parameters
at both fine time resolution and large spatial scale. Physically
based parametrizations, which were developed to account for
the microphysical processes between aerosol particles and cloud
droplets in large-scale models (Twomey, 1959; Ghan et al., 1993;
Chuang and Penner, 1995; Ghan et al., 1995; Abdul-Razzak
et al., 1998; Abdul-Razzak and Ghan, 2000, 2002; Nenes and
Seinfeld, 2003), have often been evaluated in the campaign-
based closure studies (Lance et al., 2004). However, the per-
formance of these parametrizations rely greatly on the in-
put parameters, thus is often limited by the predicted aerosol
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concentrations, size distribution, chemical composition, mixing
state, as well as the in-cloud updraft velocities, ambient tempera-
ture and moisture supply from location to location. Lohmann and
Feichter (2005) suggests that connecting aerosol particles to
cloud droplets on a global scale is probably still the weakest point
in the estimation of indirect aerosol effects with global climate
models.

Optical depth of clouds retrieved by satellite visible radiome-
ters provides temporal and spatial distributions of the cloud char-
acteristics with reasonably good quality, that is, uncertainty in
the MODIS-retrieved COD is about 21% compared with surface
measurements (Minnis et al., 2004). More importantly, evalua-
tion of the simulated COD, instead of radiation fluxes, will not
be affected by significant uncertainties associated with cloud
cover generated by climate models. However, COD depends on
not only cloud microphysical properties, but also the amount of
condensed water in the form of clouds. Cloud liquid water path
(CLWP), which is the vertical integral of liquid water content
in cloud, varies significantly between models, re-analysis data
and satellite observations (Li et al., 2008). Conceptually, CLWP
is predominantly determined by the convergence of moisture
into forming clouds, which is driven by dynamical processes
on the cloud- to meso- to synopticscales. Aerosol effects, that
is, by changing the on-set of precipitation processes (Ackerman
et al., 2004) or the vertical extension of cloud height (Andreae
et al., 2004), are generally considered to be secondary. With this
assumption, if CLWP is constrained from observations, then
a comparison of the simulated and satellite-derived COD may
yield much needed insights into the aerosol cloud albedo effect.
The validity of this approach hinges on choosing independent
measurements for CLWP and COD. It is mainly for this reason
that the satellite-based microwave radiometer data are selected
for CLWP and the visible radiometer data are used for COD in
this study. In addition, microwave measurements of CLWP are
less susceptible to errors from contamination of broken clouds,
and can retrieve a wide range of values without saturating or
requiring additional information on the cloud droplet size, com-
pared to the visible/infrared-band measurements (Turner et al.,
2007).

A few studies attempted to combine chemical transport model
(CTM) simulations with satellite-based cloud observations di-
rectly in the investigation of aerosol—cloud interactions. Using
a CTM, Schwartz et al. (2002) conducted a study on the sim-
ulated sulphate loadings in comparison with the differences in
the observed cloud properties. By mapping out the dependen-
cies of COD on CLWP (under the same CLWP conditions), they
showed the median cloud-top albedo was enhanced by 0.02-0.15
during two pollution episodes over the North Atlantic in April,
1997. Chameides et al. (2002) correlated the model-simulated
anthropogenic aerosol burdens with the International Satellite
Cloud Climatology Project (ISCCP) COD products, and found
good consistency in the geographical distribution of aerosol and
cloud properties in East Asia.

This study investigates the role of aerosols in optical depth of
marine warm clouds, by using a global CTM implemented with
a warm cloud microphysics scheme to calculate CDNC based
on simulated aerosol concentrations, and using the satellite-
constrained CLWP as an input to calculate COD and cloud
droplet effective radius (CDR). Comparison with satellite ob-
servations of cloud optical properties (COD and CDR) would
then allow us to examine the simulated aerosol effects in the
spatial and temporal variations of these cloud fields. Global
model simulations can also distinguish the relative contribution
by anthropogenic components from natural aerosols to the ob-
served cloud optical properties. Furthermore, the influence of
atmospheric dynamics has been captured by the observation-
constrained CLWP presumably. So it is most likely that the
deficiencies in the simulated cloud optical fields would mainly
arise from the simulated aerosol—cloud interactions and the in-
put aerosol properties. To further isolate the impact of simulated
aerosol—cloud interactions, we evaluate the aerosol properties
simulated by the model with the ground-based and in situ air-
craft measurements as well as satellite observations. We hope to
provide valuable information for future improvement of aerosol
treatment in the integrated climate models by identifying defi-
ciencies in simulations of COD. This study focuses on marine
warm clouds, which are major contributors to the cloud radiative
forcing for their extensive coverage (Ramanathan et al., 1989;
Harrison et al., 1990), but their radiative effects are poorly rep-
resented in global climate models (Zhang et al., 2005).

The global CTM and the satellite-based cloud data sets used
in this study are described in Section 2. Section 3 examines
the predicted aerosol and cloud droplet concentrations in com-
parison with the ground-based and aircraft measurements. The
simulated aerosol and marine warm CODs are presented and dis-
cussed with satellite observations in Section 4. Regional analyses
of the aerosol—cloud interactions in the subtropical marine stra-
tus/stratocumulus clouds are discussed in the Section 5. Finally,
Section 6 summarizes the major results of this study.

2. Methodology

2.1. Global chemical transport model

The CTM is modified from the University of Michigan version
of the Lawrence Livermore National Laboratory (Umich/LLNL)
IMPACT model (Liu and Penner, 2002; Feng et al., 2004;
Rotman et al., 2004; Liu et al., 2005; Feng and Penner, 2007).
The model resolution is 2° latitude by 2.5° longitude in the
horizontal, with 26 vertical layers from the surface to 0.1 hPa.
For this study, the CTM is driven by the European Centre for
Medium-Range Weather Forecasts (ECMWF) 40-yr re-analysis
(ERA-40) meteorological data fields (Uppala et al., 2005) for
year 2001, which are available at 6-h time intervals and inter-
polated to the model 1-h time step for tracer advection. The
transport and deposition schemes is fully described in Rotman
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INVESTIGATION OF AEROSOL-CLOUD INTERACTIONS 71

et al. (2004) for the original IMPACT model. A short version is
given Section A.1 of the Appendix.

Sea salt and mineral dust aerosols are considered in four
size bins (radius: <0.63, 0.63-1.26, 1.26-2.5 and 2.5-10 um),
while sulphate and carbonaceous aerosols are treated in three
size bins (radius: <0.05, 0.05-0.63 and 0.63—-1.26 um) and one
size bin (radius: <0.63 um), respectively. The concentrations
of SO,, SO,2~, H,0, and DMS are simulated with an online
sulfur model (Liu and Penner, 2002; Liu et al., 2005), including
emissions of SO, from fossil fuel burning of 68.9 Tg-S yr~!
(Nakicenovic et al., 2000), non-eruptive volcanoes of 4.8 Tg-S
yr~! (Andres and Kasgnoc, 1998) and an oceanic DMS source
of 26 Tg-S yr~! (Kettle and Andreae, 2000). SO, is oxidized to
SO4*~ in cloud by the dissolved O3 and H,0,, and in the gas
phase by the OH radical. Both OH and NOj; radicals oxidize
DMS and generate SO4%~. The size-segregated sea salt mass
fluxes are calculated online based on the algorithm given by
Monahan et al. (1986), depending on the interpolated hourly
10-m wind speed from the ERA-40 re-analysis data (details
given in Section A.1). The hygroscopic growth of sulphate and
sea salt aerosols in dry deposition is accounted for using the
empirical expression of Gerber (1985).

In addition to sulphate and sea salt, global distributions of
other aerosol concentrations including dust, black carbon and
organic carbon aerosols are also simulated for aerosol optical

Table 1.

depth (AOD). Dust and black carbons aerosols may become hy-
groscopic during their aging in the atmosphere. But they are
not considered as CCN in this study, since the mixing of those
aerosols with soluble substances in the atmosphere are still quite
uncertain. Similar difficulty exists for the global model repre-
sentation of hygroscopicity of organic aerosols, which is mainly
limited by the knowledge on the formation of secondary organic
aerosols. The omission of these aerosol types in cloud micro-
physics are assumed not to impose significant errors in model
simulations of marine warm clouds, because their concentrations
are relatively low over the oceans, compared to sulphate and sea
salt aerosols. Detailed descriptions of the aerosol module in the
CTM are given in Liu et al. (2005) and Feng and Penner (2007).
The annual mean aerosol burdens and optical depth (at 550 nm)
calculated by the global model are summarized in Table 1 for
the simulated year 2001. They are generally in the ranges of
other model predictions in literature (Kinne et al., 2006). Fur-
ther comparison of the fine-mode AOD (by submicron particles)
with satellite observations will be discussed in Section 4.

2.2. Cloud microphysics

A cloud microphysics scheme is developed to obtain CDNC for
warm clouds over the oceans. Details are provided in Section A.2
of the Appendix. In brief, aerosol activation spectrum (CCN as

Comparison of annual mean aerosol burden and optical depth at 550nm of the

model simulations (for year 2001) with the median, minimum and maximum of 16 models
from AeroCom (for year 2000) (Kinne et al., 2006)

Model  AeroComMedian

AeroCom Minimum

AeroCom Maximum

Aerosol burden (mg m~2)

Sulphate 4.2 39
POM 3.0 33
BC 0.38 0.39
Dust 33.8 39.1
Sea salt 13.0 12.6
Aerosol optical depth at 550 nm?*
Sulphate  0.040 0.034
POM 0.024 0.019
BC 0.004 0.004
Dust 0.019 0.032
Sea salt 0.052 0.030
Total 0.138 0.127

1.8 53
0.9 5.0
0.09 1.0
8.8 57.8
4.8 25.8
0.015 0.051
0.006 0.030
0.0017 0.0088
0.012 0.054
0.021 0.067
0.065 0.151

2The hygroscopic growth of sulphate [(NH4)2SO4] and sea salt (NaCl) aerosols is
calculated with a thermodynamic equilibrium model (EQUISOLV II) (Jacobson, 1999), and
the relative humidity dependence for POM follows that in the GOCART model (Chin et al.,
2002). At relative humidity 80%, the calculated aerosol extinction coefficient at 550 nm
with Mie scattering is 12 m? g~! for sulphate, 10 m*> g~' for POM and for four sea salt

2 51

aerosol bins: 10,4, 2 and 1 m~ g~ ", respectively. Dust and BC (black carbon) are assumed
to be hydrophobic aerosols. The extinction coefficient of BC at 550 nm is 10 m? g~! (Chin
et al., 2002). And for four dust aerosol bins, the calculated extinction coefficients are 2.5,

0.8,0.38 and 0.12 m? g~ !, respectively.
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a function of supersaturation ratio, S) is computed from Kohler
theory, as a function of aerosol number concentrations (varying
between 10 and 5000 cm~), and chemical composition in the
two size ranges: Aitken (particle diameter, D, < 0.1 pum) and
accumulation (0.1 um < Dp< 1.25 um). By fitting these spec-
trums to the power-law relationships (CCN = CS¥) in segments,
CDNC (Ny) and the maximum supersaturation (Sp,y) in ascend-
ing can be obtained from analytic solutions by Twomey (1959).
Then a smoothed relationship linking N4 to updraft velocity is
numerically calculated and used to generate a lookup table for
the grid-mean cloud droplet concentration (Ng) by

ﬁd = Z Na(W;) x f(wi)
Wi = wis + w;

; ey

where wj; denotes the large-scale mean vertical velocity in a grid
box. f(w;) denotes the subgrid variability of the in-cloud updraft
velocity (w;), represented by a normalized probability density
function (PDF) with a mean velocity of 0.14 ms~! and a standard
deviation of 0.11 ms~!. These PDF parameters were the low-
est values observed for marine stratocumulus during CSTRIPE
(Meskhidze et al., 2005), but gave best estimates in global cal-
culations. Uncertainty associated the subgrid variability of up-
draft velocity is estimated about +30% in the obtained droplet
concentrations (Meskhidze et al., 2005). For clouds with small
cloud fractions (less than 5%), a more convective updraft veloc-
ity distribution is used following that observed in trade cumulus
during INDOEX (McFarquhar and Heymsfield, 2001). At each
time step, CDNC in a single grid box is interpolated from the
look-up table, depending on the interactively predicted, that is,
aerosol number concentration, fractions of sulphate and sea salt
aerosols in the two size ranges, in-cloud updraft velocity and
temperature.

Liquid water amount in drizzle drops are often detected by
the satellite-based microwave measurements of CLWP, if cloud
is drizzling. The cloud-rain threshold used in the SSM/I mi-
crowave CLWP data (detailed in the next section) is 2500 gm~2,
below which all of the condensed water is designated to cloud
droplets. But light drizzle occurs when CLWP is above 180 gm 2
(Wentz, 1997). In the visible/near-infrared wavelengths, large-
size drizzle drops (>20 wm in radius) are much less reflective
compared to smaller cloud droplets (<15 wm). In order to ac-
count for the potential radiative effect, a parametrization follow-
ing the observed relationships between drizzle drop number con-
centration and the volume-mean cloud droplet size (Pawlowska
and Brenguier, 2003) is included. For simplicity, the size of driz-
zle drops is assumed to be uniformly 35 pm in radius. In the
presence of drizzle, the calculated droplet number concentration
is also reduced by 37%, which is the removal efficiency due
to the coalescence/coagulation between 10-pm cloud droplets
and 35-um drizzle drops (Rogers and Yau, 1999). A maximum
volume-mean radius of 10 um is suggested as the critical size
for the drizzle formation based on the in situ aircraft measure-

ments (Pawlowska and Brenguier, 2003). We adopted a smaller
size of 7.5 um in our standard simulations, because the calcu-
lated volume-mean radius should represent the average droplet
size in cloud and is usually smaller than the maximum value.
Sensitivity studies are performed on the selected critical droplet
size in Section 5.1.

Optical depth (7) and effective radius (r.) of clouds are then
calculated by

3LWC,
T =7Tq+ Tq, = / <7d + 2I’leJTR§Z> dz (2)
2pyre
3LWC\'"?
re =k (%) , 3)
47TIOde

where 7.4 and 74, denote the optical depth of cloud droplets and
drizzle drops (if present), respectively. p,, is the water density
(g m™3). Ny is the CDNC, and LWC,q is the liquid water content
associated with cloud droplets, which equals to the total LWC
minus that in drizzle drops with a number concentration of ng,,
and a radius (Ry,) of 35 um. In eq. (3), k is the dispersion coef-
ficient, proportional to the relative dispersion of a cloud droplet
size spectrum. An empirical expression of & by fitting multiple in
situ aircraft measurements (Liu and Daum, 2002; Rotstayn and
Liu, 2003) is included in the CTM. Other observational studies
such as Martin et al. (1994), McFarquhar and Heymsfield (2001)
and Miles et al. (2000) suggested the similar relationships that
pristine clouds tend to have a smaller relative dispersion (thus
k) than polluted clouds.

2.3. Satellite-based cloud liquid water path
and optical depth

In this study, CLWP is originally derived from the ERA-40
meteorological data and then adjusted to the Special Sensor
Microwave/Imager (SSM/I) microwave measurements on the
monthly mean basis. The satellite-based monthly mean LWP for
non-precipitating water clouds is calculated from the 0.25° x
0.25° SSM/I daily data (version 6) aboard the DMSP-F14, pro-
vided by Remote Sensing Systems (RSS). The SSM/I instrument
measures the grid-mean liquid water path, and could underesti-
mate for partially cloudy grids. This bias is considered small, as
the studied marine stratiform clouds usually have cloud fractions
larger than 1.25% of a global model grid (2° x 2.5°), about the
same size as a single SSM/I grid cell. The NASA MODIS/Terra
edition 5 level-3 (1° x 1°) daily cloud fractions for liquid water
clouds (Platnick et al., 2003) are used as weighting functions in
aggregating the 0.25° data to the global model grids, and also
in time averaging. The MODIS/Terra cloud optical properties
derived from the visible/near-infrared reflectance measurements
are available at an approximate equator-crossing time of 10:30
am. Accordingly, the SSM/I morning-pass data, which pass over-
head at equator around 8:28 am, is used to constrain the monthly
mean daytime CLWP calculated from the 6-hourly ERA40 data
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within the local time from 6 am to 12 am. To be comparable with
the MODIS/Terra daytime cloud retrievals, the CTM simulates
cloud optical properties at local time between 9:30 am and 11:30
am, with the interpolated CLWP at 1-h intervals. This time in-
terpolation of CLWP results in small discrepancies between the
constrained CLWP and the SSM/data; on a monthly basis, the
percent error is estimated within 1%.

Figure 1 shows the extracted monthly mean CLWP over the
global model domain (2° x 2.5°) in July, before (original ERA-
40 data) and after constrained with the SSM/I microwave data.
After the adjustment, the absolute amount of the condensed wa-
ter in clouds from the original ERA-40 data set is significantly
reduced, especially in the mid- and high- latitudes. The over-
estimation in CLWP generated by large-scale climate models
seems to be a more common problem, as Li et al. (2008) has
shown that multiple GCMs tend to predict much larger CLWPs
than the satellite liquid water estimates (MODIS, SSM/I, ISCCP
and CloudSat). Without constraining the CLWP, the estimate of
aerosol cloud albedo effect by global climate models are likely
to be overpredicted.

The daily CLWPs are obtained by scaling the SSM/I monthly
mean data with the temporal profiles derived from the ERA-
40 cloud fields as well as the vertical distributions. The long-
operating satellite radiation instruments in both visible and mi-
crowave bands have difficulties of yielding the robust vertical
information in clouds. This situation could improve in future
after launches of the CALIPSO and CloudSat satellites. Mean-
while, liquid water vertical profiles generated by the ECMWF
model (by which the ERA-40 re-analyses data is generated) have
been evaluated through systematic comparisons and performed
reasonably well (Illingworth et al., 2007). As for the daily vari-
ability of CLWP, the satellite-based SSM/I daily measurements
are not available for every grid cell in the global domain, as their
retrievals are limited by rain contamination, spatial coverage at
low latitudes, and missing data. For example, only about half of

Latituda

180
Longitude

50 80 100 150 250

the model grids over the ocean have utilizable daily CLWP data
for more than 15 d in July 2001. More importantly, constraining
the monthly mean allows for the cloud fields to still be con-
sistent in the CTM. The daily variability of CLWP used in the
simulations is examined against with the satellite observations
in Section 5.1.

Monthly and daily MODIS aerosol and cloud products:
MODO08_M3 and MODO08_D3 (edition 5; Platnick et al., 2003)
are used in global and regional analyses. Both of them are
quality-assured level-3 products, available at 1° x 1° grids for
the simulated time period of year 2001. The gridded satellite data
are downscaled to the CTM grid size of 2° x 2.5°, weighted by
their correspondingly retrieved cloud fractions. Randomly over-
lapping scheme is assumed in the CLWP and COD calculations.
The resulting annual mean cloud fractions for marine warm
clouds (below 500 hPa) based on the ERA-40 data are about
40-60% in subtropics and as much as 60-80% in extra-tropics,
consistent with the MODIS cloud fractions (MOD08_M3) aver-
aged for combined-phase and liquid water clouds.

Figure 2 shows a schematic illustration of the incorporation
of the cloud microphysics parametrization described in Section
2.2 and the satellite-based CLWP into the global aerosol and
chemistry transport model. The integrated model was run for 12
months of the year 2001. A 2-month spin-up time for January
was used to generate background values as initial concentrations
for the production runs. The global model requires ~1 h of
CPU time on 16 IBM SP5 processors to complete a 1-month
simulation.

3. Evaluation of simulated aerosols and clouds
with in situ observations

Figure 3 compares the simulated daily mean aerosol number
concentrations (cm~3) with surface measurements at the Atmo-
spheric Brown Clouds (ABC) observatories located over the N.

50 80 100 150 250

Fig. 1. The monthly mean cloud liquid water path (g m~2) in July 2001, (a) from the ERA-40 meteorological data set and (b) in the CTM

simulations after constrained by the SSM/I microwave measurements.
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Fig. 2. The schematic of the global chemical transport model (CTM).
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Fig. 3. Comparison of daily mean aerosol number concentration between the CTM simulations and surface measurements (Obs) at the ABC
observatories: (a) Maldives (2004-2005), (b) Gosan (2001), (c) Mauna Loa (2001) and (d) Trinidad Head (2002). Panel (e) compares the daily
aerosol concentrations at two sites over the Indian sea (2006): MCO_H and MCO_G. The ABC data in the panels (a)—(d) are downloaded from
ftp.cmdl.noaa.gov/aerosol/, and reference for the panel (e) is Ramanathan et al. (2007).
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Table 2. Size distribution parameters for aerosols

Aerosol component N; ri (um) o
Sulphate (r < 0.05 wm)? 0.025 14
Sulphate (r: 0.05-0.63 pm)? 0.079 1.4
Sea salt (r < 0.05 pm)? 0.015 14
Sea salt (r: 0.05-0.63 um)? 0.054 1.4
Dust? 0.8542 0.05 1.65
0.1457 0.27 1.67
7.3e-5 4.0 2.40
Fossil fuel OM/BC® 0.4286 0.005 1.5
0.5714 0.08 1.7
1.e-6 2.5 1.65
Biomass OM/BC and natural OMY 0.9987 0.0774 1.402
1.3e-3 0.336 1.383
2.8e-4 0.9577 1.425

aBates et al. (2002), °d’ Almeida et al. (1991), “Radke et al. (1988) and
dAnderson et al. (1996).

Indian Ocean and the Pacific Ocean (Ramanathan et al., 2007).
Aerosol number concentrations are calculated from the predicted
aerosol mass concentrations, using the observed climatological
size distributions for each aerosol type listed in Table 2 (Radke
et al., 1988; d’Almeida, 1991; Anderson et al., 1996; Bates
et al., 2002). The individual size distribution is constant, but the
size spectrum of total aerosol number concentrations varies in
space and time with the changing fractional contributions by
each aerosol component. In Fig. 3a, the distinctive annual cy-
cle observed at Maldives (MCO_H) is captured by the CTM,
for example, the total aerosol number concentration decreases
from the very high concentrations (>1500 cm~?) during the dry
polluted winter monsoon season to much lower concentrations
(<500 cm~?) during the wet pristine summer monsoon season.
The correlation coefficient between the simulations and the ob-
servations is 0.62 at this site. Large-scale spatial variations in
aerosol concentrations are also simulated, transitioning from a
frequently polluted site (Gosan) with year-round particle con-
centrations over thousands per cm? to the relatively remote sites
(Mauna Loa and Trinidad Head) with several hundred parti-
cles per cm®. The geometric (arithmetic) mean percent errors
of the simulated daily mean aerosol number concentration rel-
ative to the observations are 57%, 83% and 70% at Maldives,
Mauna Loa and Trinidad Head, respectively. The errors in the
annual means are much smaller, about 35%, 19% and 2% at
the above three cites. From March to June of 2006, aerosol sur-
face measurements were made at two observatories located over
the North and the S. Indian Ocean, MCO_H (6.78°N, 73.18°E)
and MCO_G (0.69°S, 73.15°E) (Ramanathan et al., 2007). As
shown in the Fig. 3e, the large north—south gradient in the ob-
served aerosol concentrations between the two locations is also
similarly depicted in the model predictions. The correlation co-
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Fig. 4. The latitude distribution of the CTM-simulated aerosol number
concentrations (solid lines) compared with a 30-yr observational
marine aerosol data (dots) over the remote oceans (Heintzenberg et al.,
2000), for total (top panel) and accumulation-mode (bottom panel)

aerosols. Also shown are the simulated zonal means over the oceans
(dashed line).

efficient between the model and surface measurements is 0.57
at MCO-H and 0.67 at MCO_G.

The latitudinal distributions of the simulated annual mean
aerosol (total and accumulation-mode) number concentrations
are compared in Fig. 4 with a comprehensive marine aerosol
data set. This data set available at 15° x 15° grid cells is com-
piled from about 30-yr measurements over the remote oceans
(Heintzenberg et al., 2000). Focusing first on observations, total
aerosol concentration peaks around 45°S—30°S in the southern
hemisphere (SH), whereas the accumulation-mode aerosols are
nearly symmetric between the two hemispheres. The lower bias
in the SH (15°-45°S) CTM simulations might be due to the ne-
glect of biogenic emissions of marine organic aerosols. Other
observational studies suggest this to be an important marine
aerosol source during biologically active periods at Mace Head
(O’Dowd et al., 2004). However, since the observations over the
remote oceans are from ship measurements, there are likely to
be sampling biases in representing annual means. The simulated
total and accumulation-mode aerosol concentrations between
45° and 60°N are larger than the observations, probably because
the observational data excluded measurements for polluted air
masses at coastal stations in these latitudes. Overall, the sim-
ulated aerosol concentrations are shown within the meridional
range of the observations for 7 out of the 12 latitude bands.
Another point to note is that the observations do not represent
the true zonal means over the ocean. The potential observational
bias can be inferred by comparing the solid line (simulated val-
ues over the observational regions) with the dashed line (the
true zonal mean of the model simulations). The anthropogenic
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Fig. 5. The increase of cloud droplet number concentration (Ng) with (a) total (Na¢ota) and (b) accumulation-mode (Naaccum) aerosol number
concentration. In (a), the INDOEX composite scheme is represented by the solid line, while the grey-shaded area denotes the range of the in situ
aircraft data. The simulated daily mean and daytime values are indicated by dot and plus symbols, respectively. Panel (b) shows the CIFEX aircraft
measurements (open triangles) and the empirical relationships derived from various aircraft measurements for marine (dashed line) and continental
(solid line) air masses over the oceans. Also shown are daytime simulations over the S. Ocean (SOC), N. Indian Oceans (IND), NW Atlantic (NWA)
and N. Californian coast (CAL). Number in the parentheses indicates the month displayed, that is, 01 for January.

contribution is more evident in the calculated zonal mean aerosol
number concentrations.

The cloud microphysics simulated by the CTM is examined
next. Figure 5a depicts the increase in CDNC as a function of
the simulated total aerosol number concentration over the N.
Indian Ocean (67.5°-75°E, 6°S—12°N). The model simulations
include daily means and daytime values. Also shown are in
situ aircraft measurements from the INDOEX campaign dur-
ing late February to early April in 1999. Trade cumuli are the
most common clouds during the INDOEX, when aerosol size
and composition change from the aged and polluted continen-
tal types to the clean marine aerosols along with the shift in
the prevailing wind direction. It presents a good test case to
evaluate the model cloud microphysics under different atmo-
spheric conditions. Figure 5a shows that the calculated daily
mean CDNC agree within 15% compared with the derived em-
pirical composite scheme (Ramanathan et al., 2001). The day-
time aerosol and cloud concentrations predicted by the global
model also largely fall into the uncertainty range of the in situ
aircraft data, marked by the grey-shaded area (Heymsfield and
McFarquhar, 2001).

Figure 5b compares the calculated daily mean CDNC with
accumulation-mode aerosol concentrations for four typical
marine stratus/stratocumulus regions and months (Klein and
Hartmann, 1993): S. Ocean (46°-60°S, 0°-30°W) in July, N.
Indian Ocean (2°S—12°N, 67.5°-75°E) in January, NW Atlantic
(36°—46°N, 45°-60°W) in December, and the N. Californian
coast (36°—44°N, 122.5°-~130°W) in April. Also shown are in
situ aircraft measurements from the CIFEX campaign (Wilcox
et al., 2006) and the empirical relationships derived from multi-
ple aircraft measurements over the Atlantic (Martin et al., 1994).
Consistent with the observed relationships representative of both
polluted continental and clean marine air masses, the CTM sim-

ulations indicate more rapid increases in CDNC with increasing
aerosol number concentration for relatively clean marine clouds
over the S. Ocean and off the California coast, as opposed to
the more polluted regions, that is, the N. Indian Ocean and the
NW Atlantic. Furthermore, the CIFEX aircraft data indicates
approximately 50% of the accumulation-mode aerosol particles
activated to form cloud droplets off the coast of California, and
the similar activation ratio is simulated by the CTM. This shows
that the CTM is capable of largely reproducing the observed
regional variability in cloud microphysical properties in marine
stratus, arising from differences in regional aerosol chemistry
and microphysics. On the other hand, a significant fraction of
the predicted aerosol and CDNC off the N. California coast
are above the range of the CIFEX observations, although their
relationships seem to follow a similar slope. It could be be-
cause the CTM uses a climatological size distribution to dis-
tribute the sulphate mass generated in the gas-phase chemistry.
While it is a good representation for the aged aerosol layer
or cloud-processed aerosols, it overestimates the accumulation-
mode concentration (thus droplet activation) for freshly formed
(624 h) particles, that is, North America continental aerosols
whose median radius size is only about 30 nm (Roberts
et al.,, 2006). This error should become smaller for remote
marine environment away from the aerosol sources. Neverthe-
less, the calculated column-mean cloud droplet effective radius

% = 10.2 um) is only moderately lower than the mean
value of 11.1 pum derived from the CIFEX aircraft measure-
ments.

Comparisons of the simulated aerosol number concentrations
as well as the simulated aerosol—droplet relationships with vari-
ous ground-based and aircraft data have not revealed major flaws
in the simulations, and indeed the simulations mostly agree with
the field data within experimental errors. This sets the stage for
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comparing the regional scale variations in the simulated cloud
optical properties next.

4. Cloud optical properties of marine
warm clouds

The SSM/I microwave measurements of CLWP represent the
column-integrated water path for liquid phase clouds, which
are to be found at altitudes with pressure, P > 500 hPa (ex-
cept for deep convective clouds). However, these microwave
data may also include mixed-phase clouds, which contain both
liquid water and melting ice. The CTM has a microphysics
treatment for liquid phase clouds, but does not have a separate
treatment for mixed phase clouds. Thus the mixed phase clouds
in the CTM would be counted as liquid phase clouds. In or-
der to account for this parametrization problem, both the liquid
phase and the mixed phase CODs from MODIS are combined
(weight-averaged by their corresponding cloud fractions), when
we compare CTM simulations with MODIS observations. For
low-level cloud systems located at P > 700 hPA, such as the
marine stratus, the stratocumulus and shallow trade-Cus, have
only liquid phase clouds, and the comparison between CTM and
MODIS is more rigorous. Hence, we examine these low-level
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clouds separately in Section 5. The conclusions we infer about
the CTM treatment of aerosol-cloud interactions are made only
when they are substantiated by the analyses at all three scales:
hemispherical means; geographical patterns and localized anal-
yses of the low-level cloud systems. Here after in the paper, the
CTM simulations, MODIS and SSM/I satellite observations will
be denoted by CTM, Obs_M and Obs_S, respectively.

4.1. Global and hemispherical means

Table 3 compares the global and hemispherical means of fine-
mode AOD at 550 nm and CODs with available satellite obser-
vations over the oceans. To avoid the uncertainties in satellite
retrieved values for polar regions, the comparison is restricted
only to the averages over the 45°N—45°S latitude band. The mod-
els results, however, are shown for this limited band as well as
for the global (pole to pole) means. The simulated AODs agree
within 10% with the MODIS values (Obs_M). Moreover, the
AODs over the NH oceans are larger than the SH ocean values
by about 50% for both MODIS and CTM. The CTM suggests
that this north to south asymmetry is due to the much larger
role of anthropogenic aerosols in the NH (compare the CTM
values for all aerosols with that for just the natural aerosols for

Table 3. Annual mean fine-mode aerosol optical depth at 550 nm and cloud optical properties from the chemical transport model simulations
(CTM) and satellite observations (Obs_M for MODIS and Obs_S for SSM/I) over the oceans

All latitudes

Between 45°S and 45°N

CTM-all aerosols

CTM-natural aerosols only

CTM-=all aerosols Obs_M or Obs_S

Fine-mode aerosol optical depth (550 nm)

NH oceans 0.094 0.044

SH oceans 0.061 0.047

Global oceans 0.075 0.046
Cloud droplet number concentration (em™3)

NH oceans 167 96

SH oceans 111 103

Global oceans 133 100
Cloud liquid water path (g m~?)

NH oceans 97 97

SH oceans 95 95

Total oceans 96 96
Column-mean droplet effective radius (©m)

NH oceans 9.7 12.4

SH oceans 11.2 119

Total oceans 10.7 12.1
Cloud optical depth

NH oceans 15.2 11.8

SH oceans 12.9 12.3

Total oceans 13.8 12.1

0.091 0.094
0.055 0.061
0.071 0.076
169
100
131
101 102(152)2
103 105(141)
102 104(146)
10.4 12.1°
12.9 13.0
11.8 12.7
14.7 12.6
12.1 12.1
13.2 12.3

4SSM/I microwave data are shown, and the numbers in parentheses denote the CLWP calculated from the MODIS-retrieved optical depth and

effective radius by % PwT Rett.

The column-mean droplet effective radius is estimated from the SSM/I CLWP and the MODIS COD by
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global means). In fact, for just the natural aerosols, the SH value
is slightly larger by about 7% (0.047 for SH versus 0.044 for
NH). Anthropogenic aerosols increase the SH AOD by 0.014
(=0.061-0.047) compared with its impact on NH, where it in-
creases AOD by 0.05 (=0.094-0.044). The simulation of the
hemispherical mean AODs as well as the interhemispheric asym-
metry builds confidence in the CTM’s ability to simulate aerosol
optical properties globally.

Cloud properties are examined next. There are no global ob-
servations for CDNC. The simulated CDNC for the NH is larger
than the SH value by about 50%, similar to the simulated AOD
trend. For example, for the 45°N-5°S band, the NH CDNC is
169 cm~3, whereas the SH CDNC is only 100 cm™. Accord-
ing to the CTM, the larger NH value is entirely due to the
larger amount of anthropogenic aerosols in the NH. The inter-
hemispheric asymmetry in CLWP is less than 3% and is within
experimental errors. Since the CTM column-integrated CLWP
is constrained by satellite observations (SSM/I), the global and
hemispheric mean CTM values are in close agreement with the
satellite derived values. The simulated effective cloud droplet
radius and COD are in surprisingly close agreement with the ob-
served values for the SH, but differ systematically by about 15%
for the NH. The effective droplet radius is smaller, and the COD
is correspondingly larger. As a result, while the model simulates
the interhemispheric differences in the effective radius (smaller
in the NH) and COD (larger in the NH), it exaggerates these
differences significantly. In the model, the interhemispheric dif-
ferences arise solely from anthropogenic aerosols, which raises
the possibility that the CTM (and possibly other global models)
treatment of aerosol effects on COD (and thus albedo) suffers
from a substantial positive bias. Such an inference has also been
made by an earlier study (Quaas et al., 2008). Given the fact
that the observed as well as the CTM simulated differences are
comparable to the experimental errors in satellite derived val-
ues (about 10% or larger), we would resist the temptation to
explore this issue further. However, similar systematic biases

show up in the regional comparisons as described next. Except
for the discrepancy in the simulated interhemispheric asymme-
tries in CODs and effective radius, the simulation of AODs and
CODs lend credence to the performance of the CTM treatment of
aerosol chemical and optical properties, as well as the treatment
of aerosol effects on cloud microphysical and optical properties.

4.2. Geographical patterns

In Fig. 6, the simulated COD for marine warm clouds depicts
broadly similar geographical patterns to the Obs_M retrievals.
Clouds over the extra-tropical and tropical oceans appear to be
optically thick with the COD larger than 12.5, while subtropical
marine stratus and stratocumulus clouds generally have lower or
intermediate optical depth between 5 and 12.5. Maximum opti-
cal depth is associated with the deep convective clouds over the
tropical oceans, exceeding 12.5 in both the CTM simulations
and the satellite data. Figure 7 compares the spatial distribu-
tion of the annual mean fine-mode AODs, and together they
demonstrate the extent to which spatial distribution of CODs is
correlated with spatial variations in aerosols. The CTM predicts
significant optical depths for clouds over the northern Pacific
and Atlantic Oceans, collocating with the presence of highly
concentrated anthropogenic aerosols (AOD > 0.05) downwind
of the major continental pollution sources in East Asia and North
America. Such anthropogenic influences are also indicative in
the Obs_M especially over the northwestern Pacific. In the SH
oceans between 40°S and 60°S, both the simulated and the re-
trieved CODs suggest the existence of an extensive band of
warm clouds, which are also optically thick (COD > 12.5). The
large SH CODs seemingly correspond to the large production of
sea salt and DMS-generated natural sulphate aerosols in these
latitudes owing to the strong prevailing SH westerlies. The sim-
ulated and observed regional fine-mode AODs are visibly larger
than the background AODs (<0.02). The enhancement in the
NH AODs due to anthropogenic influences simulated by the
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Fig. 6. Left-hand panel: the CTM-simulated annual mean cloud optical depth for marine warm clouds with top lower than 500 hPa. Right-hand

panel: the MODIS annual mean cloud optical depth averaged for both liquid- and mixed-phase clouds over the oceans.
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Fig. 7. Annual mean fine-mode aerosol optical depth at 550 nm. Left-hand panel: the CTM simulations; Right-hand panel: MODIS. White colour in

the MODIS data indicates areas without quality retrievals.

CTM is similarly revealed in the observations, as well as the
relatively lower AODs over the N. Atlantic Ocean relative to the
N. Pacific Ocean. The spatial variations of COD corresponding
to the enhanced anthropogenic AODs however, appear to be less
pronounced in the Obs_M compared with the CTM calculations.

The geographic distributions and hemispheric means of COD
and fine-mode AOD demonstrate correlated variations in both
CTM simulations and satellite observations. Such correlations
on hemispherical and regional scales enable us to isolate the ef-
fect of variations in aerosol sources on the observed regional and
hemispheric differences in cloud optical properties, particularly
since we have prescribed the CLWP.

5. Aerosol-cloud interactions in subtropical
marine stratus clouds

Subtropical marine stratus clouds, usually single-layer clouds
capped out at 700 hPa with extensive coverage, are least af-
fected by the model assumptions on thermophase or overlap-
ping of clouds. Optical retrievals based on the radiance mea-
surements (Obs_M) are also best quantified for these clouds.
Therefore, comparison of the model simulations with satellite
observations over the subtropical marine stratus regions is a more
informative and perhaps a more reliable indicator of the simu-
lated aerosol—cloud interactions. The regional analyses starts off
with an examination of the daily variability and focuses on two
strato-cumulus regions: off the western coasts of S. America
(SAM: 20°S-6°S, 70°W-85°W) in September, and California
(CAL: 24°N-36°N, 120°W-135°W) in April. We then analyse
the seasonal variations of COD, for which we also include a
trade-cumulus region in the N. Indian Ocean (IND: 2°S—12°N,
67.5°E-75°E).

5.1. Simulation of daily variability

The frequency distributions of daily daytime CLWP from the
CTM simulations and two satellite observations are shown to-
gether in Fig. 8. The MODIS CODs are 1° daily data (MODO8-
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D3) for single-layer liquid water clouds, and they are aggregated
to the large model grids, weighted by the single-layer liquid
cloud fractions. CLWP is calculated from the MODIS COD (1)
and cloud-top CDR (r.) data from the expression ”%r X Te.
This formula assumes adiabatic stratification in non-drizzling
marine stratus clouds, and the obtained CLWP is shown to gen-
erally agree better with the AMSR-E (a successor to the SSM/I)
microwave measurements than the MODIS level-3 data by
Bennartz (2007). The rationale for including CLWP from
MODIS is as follows: the SSM/I data is a column-integrated
product for all liquid phase clouds, and more importantly, it can-
not distinguish liquid water content in drizzle drops from cloud
droplets, while only the latter has a main impact on the COD
simulations. MODIS CLWP, while it may not be an accurate
estimate of the actual CLWP due to the assumption made for
the liquid water content profiles, should capture the daily and
seasonal variability of single layer clouds. In short, reality for
a single layer cloud should lie somewhere in between MODIS
and SSM/I CLWPs.

CLWP is highly variable in both satellite data sets with stan-
dard deviations (SD) nearly 40% of each of their mean val-
ues, and the CTM captures this variability in the daily CLWP
distributions. The fine-mode AOD (middle panels) reveals an
important pattern. The model correctly simulates that the peak
fine-mode frequency occurs at about 0.1 for CAL and about
0.05 for SAM. However, the observed distribution has a fatter
tail at higher AOD values than the simulated AODs. The un-
derestimated frequencies at large fine AOD values (>0.12) may
be the main reason for the low-biased mean AOD predictions
compared with the Obs_M (Table 3), but it should not impact the
COD estimates significantly since the aerosol effects on COD
are mostly susceptible to the low AOD conditions.

The simulated COD daily distribution is very similar for the
SAM region, except for a slight shift towards the right-hand
side (large values). This shift is worsening in the simulations
for the CAL region. The standard deviation of the simulated
distribution is within 10% to observations for the SAM region,
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Fig. 8. Frequency distribution of the daytime CLWP, fine-mode AOD, and COD from the satellite observations (Obs_M and Obs_S) and the CTM
simulations, over the marine stratus regions: (a)—(c) SAM in September, and (d)—(f) CAL in April.

while it is larger by about 30% for the CAL region. As a re-
sult, the estimated monthly mean COD over the SAM region
agree reasonably well with the Obs_M satellite retrievals, with
a geometric mean percent error of 6% and a RMS error of 1.6.
Given the 10-20% uncertainty usually in these satellite-retrieved
COD, the aerosol—cloud interactions, including from aerosols to
droplet activation to drizzle formation, are simulated over this
area. The comparison of COD over the CAL region however in-
dicates an average overestimation of 42%. The geometric mean
error is larger than the maximum uncertainty estimated to be
potentially associated with CLWP used (there is about 26%
difference between the Obs_S and Obs_M data). The overesti-
mation is consistent with the cloud microphysics comparison off
the N. Californian coast (discussed in the Section 3), so it may
be likely explained by the aerosol size distributions assumed in
the droplet activation. Since most of the current CTMs or global
climate models follow an approach similar to that adopted here,
their estimated aerosol cloud albedo effects could be possibly
subject to a similar overestimation, even with the properly rep-
resented cloud dynamics.

Another likely reason for the shift to the right-hand side
in the COT distribution is due to the deficiency in the drizzle
parametrization. Without in situ measurements in place to eval-
uate the drizzle parametrization, we resort to sensitivity studies
on the critical droplet size (dr;), which is used to determine
the on-set of drizzle formation. Figure 9 illustrates the drizzle
effect on the frequency distribution of CODs in the region CAL
(April), by comparing three CTM simulations: the standard run
(dr. = 7.5 um), without drizzle formation (dr; = infinity)

120 —

. —CTM
1]
100 25 A == Obs_M

Frequency (#/bin)

cop
Fig. 9. Drizzle effect in the CAL region (April): frequency distribution
of the daytime COD from the Obs_M (thick dash—dotted line) and the
CTM simulations (standard run: thick solid line; without drizzle
formation: dashed line; drizzle critical droplet size (dr) of 5 um: dotted
line).

and dr.;; = 5 um, with the satellite observations (Obs_M). In-
clusion of the drizzle formation improves the model comparison
with the satellite data by about 20-30%, because it reduces the
calculated COD for clouds with significant CLWP (on the long
tail of the CLWP distribution) by assigning some portion of the
liquid water content to drizzle drops that scatter solar radiation
much less efficiently. For the region CAL (or SAM), the overes-
timation in COD decreases from 63% (or 32%) with no drizzle
formation to 41% (or 6%) with the implemented parametriza-
tion. Using a even smaller critical droplet size (5 pum), which is
only half of that (~10 um) suggested by aircraft experiments,
the calculated regional mean COD in CAL is about +24% higher
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than the Obs_M retrievals, which have uncertainties of 10-20%.
Sensitivity studies clearly demonstrate that the uncertainty as-
sociated with the drizzle parametrization could contribute to the
discrepancies between the estimated and observed COD.

5.2. Seasonal cycle

In this section, we examine the aerosol influence on the sea-
sonal variations of COD. Figure 10 shows the monthly mean
CODs, CLWPs and fine-mode AODs from the CTM and satel-
lite observations over the three regions: SAM, CAL and IND.
Since the CTM values are constrained by the SSM/I data on
the monthly mean basis, they are almost equal to each other
for total liquid water path over CAL and IND (‘all clouds’ in
Figs. 10d and g); for SAM, there are about 9% discrepancies

between SSM/I and CTM CLWPs, resulting from the time in-
terpolation (Fig. 10a). For single-layer (1L) clouds in the sub-
tropical regions such as SAM or CAL, differences between the
constrained CTM CLWP and the Obs_M values inferred from
the optical retrievals are mainly due to drizzle drops (excluding
experimental errors); therefore, the simulation of COD is sen-
sitive to the implemented drizzle parametrization. As shown in
Figs. 10c and f, sensitivity runs with a smaller critical droplet
size seem to help to reduce the differences between the sim-
ulated and Obs_M CODs in several months, when the COD
estimates fall within the uncertainty ranges of the observations.
Over the IND region, cloud types are not constant throughout
the year, from scattered shallow trade cumuli to mesoscale deep
convective cloud systems. Although the total CLWP in liquid
phase clouds are constrained (Fig. 10g), uncertainty associated
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Fig. 10. Seasonal variations in the monthly mean CLWP, fine AOD, and COD over the regions of (a)-(c) SAM, (d)—(f) CAL and (g)—(i) IND. The
CTM results (red solid line) and the Obs_M data (black solid line) are shown for aerosol and single-layer (1L) cloud properties. In the panels (a), (d)
and (g), the Obs_S CLWP data (black dashed line) are also shown with the CTM total CLWP (red dashed line) for all the liquid phase clouds.
Numbers in the parentheses are correlation coefficients between the simulated and observed values. Error bars in the panels (c), (f) and (i) indicate
uncertainties in the Obs_M, and cross symbols represent the CTM simulations with critical droplet size (dr) of 5 um for January, April, July and

October.
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with the parametrized cloud overlapping scheme or the ‘known’
low-bias in the MODIS-retrieved CODs are among the main
contributors to the differences between CTM and the Obs_M
CLWP for single-layer clouds.

Despite the differences in absolute values discussed, most im-
portantly, Fig. 10 shows the seasonal cycles of CLWP and AOD
simulated by the CTM correlate strongly with the satellite ob-
servations. For example, the calculated correlation coefficients
for AOD are 0.64, 0.71 and 0.87 between the simulations and
Obs_M retrievals for the regions of SAM, CAL and IND, re-
spectively. For CLWP, the correlation coefficients between the
CTM values and either Obs_S or Obs_M data are larger than
0.86, except for the single-layer clouds in CAL only, where the
two satellite data sets do not correlate well. This shows that the
constrained CTM generally captures the month-by-month vari-
ability in aerosol loadings and large-scale dynamic conditions
thus enable us to examine their individual roles in determining
the annual cycle of COD.

In the MODIS satellite observations, COD, not surprisingly,
is predominately influenced by variations in CLWP, as the corre-
lation coefficients (corr) between COD versus CLWP are larger
than those between COD versus AOD for all three regions. Sim-
ilarly, the CTM simulations also indicate stronger correlations to
CLWP in CAL and IND. For example, in CAL, the corr of COD
and CLWP is 0.64 (Obs_M) and 0.86 (CTM), larger than the
corrs of 0.28 (Obs_M) and 0.44 (CTM) between COD and AOD.
However, for SAM, the simulated CODs respond much more
closely to the AOD changes than suggested by the observations.
In addition to the uncertainty in the drizzle parametrization, the
overly sensitivity of the simulated COD to increasing AOD from
October to March (Figs. 10b and c) could be resulted from the
neglect of biomass burning aerosols in the model cloud micro-
physics as it overlaps with the local burning season. Another
possibility is that the long-range transported biomass burning
aerosols by the high-level tropical easterlies does not interact
with the marine boundary layer clouds until further to the west
of the SAM region, but their presence above the clouds may
affect the satellite retrieval of COD.

Although the aerosol influences on COD seem to be domi-
nated by CLWP variations on the yearly cycle, it could be more
important on a shorter time scale. Over IND, the increasing AOD
from September to January due to the anthropogenic pollution
plumes transported from the continental sources correlates with
the enhancement in COD, with a corr of 0.73 in both CTM
and Obs_M data. Meanwhile, the correlation between COD ver-
sus CLWP is less for 0.6 (Obs_M) and 0.21 (CTM), implying
weaker influences from dynamic processes than aerosols. From
February to April when the regional aerosol loadings declines
as the prevailing wind direction switches, the correspondent re-
duction in COD is also observed more sensitive to the decreased
AQD (corr = 0.99) than the increasing CLWP (corr = 0.81).
The similar correlations are simulated by the CTM. Overall, in
the above three regions, the month-by-month relative variability

(defined as the ratio of the SD to its mean) of AOD is comparable
(such as in SAM) or more significant (such as in CAL and IND)
compared with that of CLWP, however, perturbations in CLWP
(implicitly including aerosol indirect effect on cloud lifetime)
are generally driving the corresponding changes in COD.

6. Summary

Cloud-radiative interactions are one of the largest sources of
uncertainty in global climate change simulations. As a major
contributor to the net cloud radiative forcing, optical properties
of marine warm clouds are of great importance. Although early
investigations have established the connection between aerosols
and cloud radiative effects, they are far from being accurately
quantified. One of the major difficulties has been identified as the
model inability to account for the liquid water content in cloud.
In this study, a cloud microphysics scheme is developed to sim-
ulate aerosol indirect effect in marine liquid water clouds with
a global CTM. The simulated aerosol and CDNC are evaluated
against various surface and aircraft measurements in the polluted
and pristine marine environment. Using the CLWP constrained
by the satellite-based SSM/I microwave measurements, the ob-
tained COD is compared with the MODIS cloud retrievals to
investigate aerosol and cloud interactions (mainly cloud albedo
effect) in marine warm clouds at both global and regional scales.
The geographical distribution of the fine-mode AODs at 550
nm simulated by the CTM is shown to be generally consistent
with the MODIS satellite observations. Their hemispherical an-
nual means agree within 10% in both hemispheres. As a result,
the simulated global mean COD for marine warm clouds (13.2)
is 7% larger than the MODIS-retrieved value (12.3) over the
oceans between 45°S and 45°N. Both the model simulations and
the satellite observations similarly depict correlated variations
in the spatial distribution of aerosol loadings and marine warm
COD. The CTM also simulates large interhemispheric asymme-
tries: the NH aerosol number concentration is larger than the
SH mean by ~100%, fine-mode AOD (at 550 nm) is larger
by 54%, cloud droplet number concentration is larger by 51%;
COD is larger by 18% for marine warm clouds, while column-
mean droplet effective radius is smaller by 13%. Meanwhile, the
prescribed SSM/I CLWP used in the model simulations do not
indicate such hemispheric differences. In the model, these differ-
ences are essentially driven by corresponding interhemispheric
asymmetries in anthropogenic emission sources, because in the
presence of just the naturally produced aerosols (sea salt and
DMS-generated sulphate), optical depth of marine warm clouds
simulated by the global model is slightly higher in the SH, with
the consistent aerosol geographic distributions. The simulated
hemispheric differences in cloud properties are consistently but
less significantly revealed in the MODIS COD (44%) and the
CDR (—7%) inferred from MODIS COD and SSM/I CLWP.
Regional analyses are performed over the subtropical ma-
rine stratus regions (off the west coast of California and S.
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America), where satellite cloud observations are best retrieved.
These analyses provide insights into the CTM simulations of
aerosols and influences on cloud properties. It shows that the
uncertainties in the CTM-estimated COD are mainly associated
with the monthly mean liquid water paths and the microphys-
ical link between aerosols and clouds associated with aerosol
size distribution. The simulated fine-mode AODs and the GCM-
generated CLWP daily variabilities are reasonably represented
by the CTM, compared with the satellite observations. The im-
plemented drizzle parametrization improves the CTM estimates
of COD by 20-30%, but not entirely. Moreover, the constrained
CTM generally captures the seasonal variations in AOD and
CLWP over the marine stratus/stratocumulus or trade cumuli
regions, and indicates that the annual cycle of COD is driven
mostly by variations in CLWP. The aerosol influence on COD
changes is also implied by a stronger correlation than CLWP,
during the winter monsoon over the N. Indian Ocean.

It is recognized that the model-estimated aerosol indirect ef-
fects on cloud albedo are usually more significant than that
inversely derived from the space-based radiation measurements,
as discussed in the recent IPCC report and recent studies (Quaas
et al., 2008). We showed that with the CLWP constrained by
the satellite microwave measurements, a global CTM, which is
shown to perform well in modelling aerosol optical properties
and their global distribution, could still overestimate cloud op-
tical properties. Some of the model inefficiencies identified in
this study regarding drizzle formation and aerosol size distri-
butions are considered commonly existing in global aerosol or
climate models. Improvements in modelling aerosol properties
in cloud droplet formation at a global scale are anticipated to re-
duce the gap between model estimates of aerosol indirect effect
and the satellite observations. On the other hand, the general
consistency between the simulated and observed hemispheric
differences and seasonal variations in marine warm cloud opti-
cal properties support the simulated aerosol effects on clouds.

A similar approach can be applied to examine aerosol-cloud
interactions in mixed phase and ice clouds. The aerosol-cloud
microphysics scheme should also be extended to include other
aerosol types such as dust coated with soluble material, aged car-
bonaceous aerosols, etc. Finally, improvements in cloud dynam-
ics such as entrainment-mixing processes, as suggested by field
observations, are also necessary. More importantly, improved
satellite measurements of cloud characteristics at the macro- and
microscale (e.g. CloudSat data; Stephens et al., 2008) should be
incorporated with the global modelling study of aerosol-cloud
interactions as they become available.
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8. Appendix

A.l. Global chemical transport model

The CTM uses a flux-form semi-Lagrangian advection scheme
(Lin and Rood, 1996). Dry deposition of aerosol particles uses
a resistance-in-series parametrization following Zhang et al.
(2001). The wet deposition scavenging parametrization is based
on the Harvard wet scavenging model (Mari et al., 2000; Liu
et al., 2001). In convective updrafts, the fraction of tracer scav-
enged is calculated based on the rate constant for conversion of
cloud condensate (including liquid and ice) to precipitation (as-
sumed to be 0.005 s~!) and the fraction of tracer present in the
cloud condensate f; (scavenging efficiency), that is, the scaveng-
ing efficiencies of sulphate, nitrate, ammonium, and carbona-
ceous aerosol are 1.0, 1.0, 1.0 and 0.4, respectively. In addition,
the fraction of a tracer lost due to rainout (in-cloud scaveng-
ing) depends on the wet scavenging efficiency of the tracer, the
horizontal area-fraction of the grid box experiencing precipita-
tion, and conversion rate of cloud condensate to precipitation.
Washout (below-cloud scavenging) by large-scale precipitation
is computed as a first-order loss process using a rate which
is calculated by multiplying a constant scavenging efficiency,
0.1 mm~!, by the precipitation rate (in mm h™!) in the precipi-
tating fraction of the grid box (Balkanski et al., 1993). Resuspen-
sion is calculated in any grid box where there is net evaporation
of precipitation. A fraction (assumed to be half) or total of the
tracer precipitating from above is released in the grid box to re-
flect the partial or total evaporation of precipitation, respectively.

There are large uncertainties associated with the existing char-
acterizations of sea salt aerosol production from the breaking
waves over the oceans (Lewis and Schwartz, 2004). For exam-
ple, there are about a factor of 7 differences in the generated
emission fluxes by emission schemes based on oceanic white-
caps, which are commonly adopted in numerical models for sea
salt generation. Besides Monahan et al. (1986), the flux expres-
sion given by Clarke et al. (2006) is also examined, which is
derived from surf-zone measurements mainly for fine and ultra-
fine sea salt particles. Between the two schemes, the combination
of the Monahan et al.’s sea salt flux function and the ERA-40
10-m wind speed data tends to give better agreements between
the modelled and observed sea salt mass concentrations in the
submicron size range (Bates et al., 2002), which is mostly im-
portant for cloud droplet activation. Therefore, the expression
by Monahan et al. (1986) is used and extrapolated to include the
emissions of ultrafine aerosols.

A.2. Cloud microphysics

First, aerosol activation spectrum (represented by CCN as a
function of supersaturation ratio, S) is computed from Kohler
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theory, as a function of aerosol number concentrations (varying
between 10 and 5000 cm™3), and chemical composition in the
two size ranges: Aitken (particle diameter, D, < 0.1 pm) and
accumulation (0.1 um < D,< 1.25 um). The internal mixtures
of sulphate and sea salt aerosols from both natural and anthro-
pogenic sources are assumed to activate in the droplet formation.
Each of the calculated aerosol activation spectrum (CCN-S) is
divided into multiple segments, so that every segment can be
approximated by the power-law relationship, CCN = CSF =
DN,S*, in which N, is the total aerosol number concentration
of the sulphate and sea salt mixture. For such power-law rela-
tionships, Twomey (1959) derived analytic solutions for cloud
droplet number concentration (N4) and the maximum supersat-
uration (Sp,) in ascending,

k/(k+2)
6.9 x 1072W3/2
Na(W)=Cc¥t | —— — = (A1)
kB (3.3)
1/(k+2)
6.9 x 1072W3/2
Slm\x(W) = C_l/(k+2) % 5 (Az)
kB (5.3)

where B is the Beta function, and W is the in-cloud updraft
velocity. Thus a smoothed empirical relationship linking Ny to
W can be numerically obtained, corresponding to each specific
aerosol activation spectrum. Finally, a lookup table of the grid-

mean cloud droplet concentration (Ny) is generated for various
aerosol activation spectrums,

Vd = Z Na(W;) X f(w;)
‘/Vi = wi; + w;

; (A3)

where wj; denotes the large-scale mean vertical velocity in a
grid box. f(w;) denotes the subgrid variability of the in-cloud
updraft velocity (w;), and is represented by a probability density
function (PDF) with a mean velocity of 0.14 ms~! and a stan-
dard deviation of 0.11 ms~'. The updraft PDF parameters were
the minimum values observed for marine stratocumulus during
CSTRIPE (Meskhidze et al., 2005). For clouds with small cloud
fractions (<5%), a more convective updraft velocity distribu-
tion is used following that observed in trade cumulus during
INDOEX (McFarquhar and Heymsfield, 2001). At each time
step, cloud droplet number concentration in a single grid box
is interpolated from the look-up table, depending on the input
parameters interactively calculated by the CTM, that is, CN con-
centration, ratio of sulphate aerosol to sea salt aerosol in the two
size ranges, in-cloud updraft velocity and temperature.
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