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The dust aerosol indirect effect of the first kind on ice and liquid water cloud forma-
tion has been investigated using available MODIS cloud and aerosol products on
the basis of correlation analysis. The variability in the correlation between cloud
parameters, including optical depth, effective particle size, cloud water path and
cloud particle number concentration, and aerosol variables, including optical depth
and number concentration, over Eastern Asia has been studied. Three MODIS
scenes that contain a significant presence of local and transported dust and clouds
have been selected for comprehensive analysis. For all cases studied, we demon-
strate that there is a negative trend regarding the correlation between cloud particle
size and aerosol optical depth, which is statistically significant. These results rep-
resent a strong evidence of dust and cloud interactions that are consistent with the
hypothesis of the Twomey effect for clouds.

1. Introduction

Atmospheric aerosols include mineral dust particles, organic suspensions and inor-
ganic particles injected by biomass burning and wild fires and haze particles associated
with urban air pollution. Among these particles, mineral dust is an important source
of aerosols, which are lifted by dust storms from desert surfaces and transported across
continents and oceans by atmospheric general circulation. These dust aerosols are
often present over Africa, the equatorial Atlantic Ocean, the Middle East, South Asia,
Northern China and the Northwest Pacific Ocean (Forster et al. 2007). Interactions
between dust aerosols and clouds in the upper troposphere and lower stratosphere
can produce a significant impact on atmospheric radiation budget, and hence on
global and regional climates. By means of absorption and scattering processes, dust
aerosols affect atmospheric radiative transfer through their direct interaction with
solar and thermal infrared radiation. Dust aerosols also affect atmospheric radia-
tive and climate forcings indirectly through their interaction with clouds by modifying
cloud optical properties and precipitation efficiency. The direct aerosol radiative effect
is much smaller than the direct cloud radiative effect. However, the aerosol indirect
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7258 S. C. Ou et al.

effects (AIEs) on cloud formation and the coupled modifications on radiative transfer
and hydrological cycle can be significant processes in the atmosphere, albeit with large
uncertainties.

The AIE of the first kind is commonly known as the ‘Twomey effect’ (Twomey
1977), an effect involving increases in the solar cloud albedo due to decreases in the
cloud particle size caused by additional aerosols serving as cloud condensation nuclei
(CCN) and ice nuclei (IN). Other types of indirect effects have also been identified and
are referred to as the AIE of the second kind, including the effect on cloud lifetime
and precipitation efficiency associated with additional smaller cloud particles (Liou
and Ou 1989, Albrecht 1989), the solar absorption effect of soot particles related to
decreases in precipitation efficiency (Grassl 1979, Hansen et al. 1997) and the semi-
direct effect of aerosol radiative and climate forcing (Gu et al. 2011). It is important to
study these AIEs, not only for gaining insight into the physics of aerosol–cloud interac-
tion but also for the parameterization of initial cloud particle number concentration
in global and regional climate modelling study. Quantification of the dust indirect
effect in association with clouds is subject to large uncertainties because of our lim-
ited understanding of the physical and chemical processes controlling cloud formation
in the presence of dust aerosols, particularly in the case of heterogeneous ice nucle-
ation (Cantrell and Heymsfield 2005). There are also uncertainties and difficulties in
determining dust AIEs involving clouds by means of in situ observations, and global
and regional climate model simulations (e.g. Liu and Penner 2005, Lohmann et al.
2007).

The full effects of both anthropogenic and naturally occurring mineral dusts on
the Earth’s climate system have yet to be fully realized and remain the topics of con-
temporary research. The current assessment of the radiative effects of mineral dust
in the working group summary of the Intergovernmental Panel on Climate Change
(IPCC) report (Forster et al. 2007) reveals large uncertainties in both the magnitude
and sign of the direct radiative forcing, primarily due to measurement biases inher-
ent in key dust properties, as well as uncertainties in quantifying competing thermal
effects of both longwave and shortwave radiative forcings. Based on the work of previ-
ous investigators (e.g. Tegen et al. 1996, Hansen et al. 1997, Sokolik and Toon 1999),
a tentative global annual mean dust radiative forcing in the range −0.6 to +0.4 Wm−2

was reported with large uncertainties; these stem from model assumptions, lack of
observational data and technical difficulties in measurements. Local dust direct radia-
tive forcing during a dust storm event with heavy dust loading could be larger than the
global mean by up to two orders of magnitude. In addition to causing climatic pertur-
bations, major dust events can severely reduce near-surface visibility and contribute
to a number of problems in military (Miller 2003) and in commercial activities.

At this point, the AIE of the first kind on liquid water clouds coexisting with
anthropogenic pollutants, fire smoke and black carbons has been extensively stud-
ied from the perspectives of microphysical parameterization, regional and global
modelling and satellite observations. For satellite- and ground-based remote-sensing
data analyses, Nakajima et al. (2001) correlated the column aerosol number con-
centration and low-cloud microphysical parameters, employing Advanced Very High
Resolution Radiometer (AVHRR) data over the ocean for 4 months in 1990.
Chameides et al. (2002) examined the correlation between the International Satellite
Cloud Climatology Project (ISCCP) cloud amount and model-simulated anthro-
pogenic aerosol optical depth. Bréon et al. (2002) related the Polarization and
Directionality of the Earth’s Reflectances (POLDER)-derived cloud particle radius
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Satellite remote sensing of dust-ice effect 7259

to aerosol parameters over tropical oceans. Sekiguchi et al. (2003) investigated the
correlations between aerosol and liquid water cloud parameters derived from global
AVHRR and POLDER data sets for evaluating the radiative forcing of AIE. The
global statistics showed that the effective particle radius and optical depth of low
clouds significantly correlate with the column number concentration of the aerosol
particles, indicating an AIE.

With the launch of Terra and Aqua satellites in December 1999 and May 2001,
respectively, radiance data collected by the Moderate Resolution Imaging Spectro-
radiometer (MODIS) onboard both platforms became available for the study of
aerosol–cloud indirect effect. Both Terra and Aqua satellites are in Sun-synchronous
polar orbits with daytime equator crossings at 10:30 am and 1:30 pm Local Standard
Time (LTC), respectively. Aqua is the leading platform of the A-Train. MODIS has a 1
km2 field of view mapping to a swath of approximately 2330 km. Near complete global
coverage is achieved every day, acquiring radiance data using 36 spectral band sensors.
Massie et al. (2007) analysed MODIS reflectances and aerosol products over India and
the Indian Ocean from 2003 to 2005 to study AIEs as a function of cloud-top pressure.
Limited analyses have also been conducted using ground-based remote-sensing obser-
vations from Raman lidar, microwave radiometer, radar and optical particle counters
to quantify the Twomey effect (Feingold et al. 2003).

On the other hand, investigation of the dust AIE on ice cloud formation has been
limited. Sassen (2002) analysed polarization diversity lidar (PDL) data collected at the
Salt Lake City site, showing that dust transported from East Asia to North America
did affect ice cloud formation. Sassen et al. (2003) and Demott et al. (2003) demon-
strated similar AIEs for dust particles transported from West Africa to the Caribbean
Sea, based on data collected during the Cirrus Regional Study of Tropical Anvils and
Cirrus Layers Florida Area Cirrus Experiment (CRYSTAL-FACE) campaign. Chylek
et al. (2006) obtained a statistically significant correlation between the effective radius
ice crystal inferred from MODIS and the level of aerosol loaded during the Indian
Ocean Experiment (INDOEX), which suggests a significant aerosol impact on ice
clouds. Recently, Min and Li (2010) used the Cloud’s and the Earth’s Radiant Energy
System (CERES) and MODIS data sets to study the long-wave indirect effect of min-
eral dust on ice clouds, and Lee and Penner (2010) examined the AIE on ice clouds
through the use of a cloud-system resolving model.

Ou et al. (2009) adopted an alternative approach to investigate these effects through
analysis of MODIS cloud and aerosol data products, which contain rich and valu-
able information that can be used to investigate the relationship between aerosols and
cloud formation. They examined the MODIS data covering regions of frequent dust
outbreaks in East Asia, the Middle East and West Africa, as well as areas associated
with long-range dust transportation such as the equatorial tropical Atlantic Ocean.
Statistical analysis has been performed for two aerosol/cloud cases that occurred over
West Africa and Korea. For each case, Ou et al. (2009) compared the domain-averaged
cloud mean effective particle sizes for cloudy regions in proximity with different dust
loadings and demonstrated that cloud optical depths are larger and cloud effective
particle sizes are smaller over heavier dust loading regions, a result consistent with the
hypothesis of Twomey effect. This article expands the scope of the preceding study to
include the dust AIE on both coexisting ice and water clouds and over both land and
ocean. In this work, using Terra/Aqua-MODIS cloud and aerosol data products, we
have developed a new analysis involving dust aerosol properties and their associated
indirect effect of the first kind on cloud formation.
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7260 S. C. Ou et al.

2. Analysis of satellite data

To determine the liquid water cloud droplet number concentration (Nw), we assume
that the cloud droplet size distribution can be represented by the Gamma function
(Liou 1992, p. 188),

n(r) = Cr(1−3b)/b exp(−r/ab), (1)

where a = re and b = νe. The parameters re and νe are the effective radius and variance,
respectively, and the latter is defined as:

νe =
�

(r − re)2r2n(r)dr
r2

e

�
r2n(r)dr

, (2)

and the cloud water content (CWC) for spherical droplets can be expressed as:

CWC = 4πρw

3

�
r3n (r) dr. (3)

By substituting equation (1) into (3), the constant C can then be expressed in terms of
CWC. Finally, from the integration of n(r) over the size spectrum, we obtain

Nw = k
τc

r2
e

, (4)

where τc is the cloud optical depth and the proportionality constant k is determined
from the integration of Gamma functions. Thus, Nw can be computed using MODIS-
retrieved τc and re following equation (4).

The determination of the ice cloud and aerosol number concentrations (N i and Na)
and the procedure for correlating ice cloud and aerosol properties have been described
by Ou et al. (2009). The ice cloud number concentration is computed based on the
relationship between cloud optical depth and particle size distribution. Likewise, the
aerosol number concentration is computed based on the relationship between aerosol
optical depth and aerosol size distribution. The procedure for correlating liquid water
cloud and dust aerosol properties is similar to that for correlating ice cloud and
aerosol properties. Because aerosol optical depth is retrieved for each 10 × 10 pixel
sub-grid (roughly 1 km2), the correlation between aerosol and cloud properties is also
done for each 10 × 10 pixel sub-grid. Ou et al. (2009) discussed the effects of water
vapour absorption/emission, large-scale meteorological drivers and cloud contamina-
tion. These effects are minimal in the present analysis because of the usage of window
spectral bands, the difference in spatial and temporal scales of microphysical (on the
order of microns and seconds) and meteorological (on the order of kilometres and
hours) processes and the high spatial resolution of the MODIS instrument, which
effectively separates clear and cloudy areas using the MODIS cloud mask program
(Ackerman et al. 2006, Frey et al. 2008).

3. Application to MODIS scenes containing dust and clouds

We have collected and examined MODIS Collection 5 aerosol and cloud data cov-
ering regions of East Asia and performed correlation analysis for MODIS scenes
containing dust aerosols and clouds. The cloud products (data headings begin with
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Satellite remote sensing of dust-ice effect 7261

MOD06/MYD06) that are analysed have been described by King et al. (2003) and
Platnick et al. (2003). In addition, King et al. (2006) provided a description of the
Collection 5 cloud products. We extracted ‘cloud effective radius’ and ‘cloud phase
infrared’ for this study. The cloud thermodynamic phase algorithm has been described
by King et al. (2004). The aerosol products that are analysed have been described by
Remer et al. (2005) and Levy et al. (2007a,b). The Collection 5 aerosol products that
are analysed in this study have been described by Levy et al. (2010). A number of inter-
esting MODIS dust scenes have been identified in order to study the Twomey effect of
dust aerosols on clouds.

We have correlated cloud and aerosol parameters by means of statistical analysis
and interpreted resulting correlation trends based on the physical principles govern-
ing cloud microphysics. Throughout the study, we have divided the identified aerosol
or ice-cloud scene into 10 × 10 km sub-grids to correlate ice and aerosol properties.
Because the MODIS cloud mask identifies a pixel as either clear/aerosol or cloud and
because the current MODIS detection/retrieval algorithms cannot simultaneously
detect or retrieve aerosol and cloud parameters on a pixel-by-pixel basis, correlation
analysis was performed by using the average aerosol and cloud properties within each
sub-grid that contains both ice cloud and aerosol pixels. This is a novel approach,
which is the central theme of this study. We present three case studies demonstrating
significant dust-cloud indirect effect for both ice and water clouds below.

3.1 Qualitative and quantitative study of dust AIE (8 April 2006 at 0440 UTC)

Figure 1(a) shows a Terra/MODIS scene for 8 April 2006 at 0440 UTC over Northeast
Asia. This scene contains a significant presence of original and transported dust layers
with imbedded clouds. We selected three domains for this study. We first investigated
the AIE by the comparison of aerosol optical depths and cloud effective particle sizes
for cloudy regions with different dust loadings. To the best of our physical under-
standing, clouds over an area of heavier dust loading, presumably with many of the
dust particles serving as potential CCN or IN, would probably be affected more than
clouds over a lighter dust region.

Over both the Eastern Siberia (domain A) and Inner Mongolia (domain B) regions,
the non-zero values of 1.38 µm and reflectance and the low cloud-top temperature
(Tc) values (<243 K) for both regions further confirm that both domains con-
tain cirrus clouds. In addition, the MODIS cloud mask shows that both areas are
masked by cloudiness, and the cloud-phase mask indicates that parts of the cloudi-
ness within both regions are ice clouds. A list of parameters and their mean values
for domains A and B is given in table 1. For domain A, τa varies between 0.9 and 1.8
(figure 1(b)) with a mean value of 1.2, whereas re varies between 5 and 35 µm, with
a mean value of 17.3 µm (figure 1(c)). For domain B, we determined τ a in the range
0–0.9 (figure 1(b)), with a mean value of 0.28, and re in the range 5–80 µm (figure
1(c)), with a mean value of 23.8 µm. It is evident that for domain A, the dust optical
depth is larger, but at the same time the cloud particle size is smaller, consistent with
the Twomey effect for aerosol–water cloud interactions.

Subsequently, we investigated the dust indirect effect on liquid water clouds with a
strong dust loading. Here, we analysed the same Aqua/MODIS scene for 8 April 2006
at 0440 UTC over the Eastern Asian continent and surrounding oceans, as shown
in figure 1, to demonstrate the presence of strong dust AIE with heavier dust load-
ings, more correlation sub-grid points and higher correlation coefficients than those
shown by Ou et al. (2009). Over Japan (domain C), there was a distinct presence of
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Figure 1. MODIS scene with simultaneous presence of cirrus clouds and dust layers. Images
for the MODIS overpass on 8 April 2006 at 0440 UTC over the Northeast Asian continent,
Korea and Japan: (a) RGB, (b) aerosol optical depth and (c) cloud effective particle size.
Domains A, B and C are areas of dust layers with imbedded clouds.

Table 1. Parameter ranges and their mean values for domains A and B of the
MODIS scene for 8 April 2006 at 0440 UTC over Northeast Asia.

Parameter range (mean value)

Domain τ c re (µm) τ a

A 0–50 (10.9) 5–35 (17.3) 0.9–1.8 (1.20)
B 0–60 (6.7) 5–80 (23.8) 0–0.9 (0.28)

heavy aerosol loading mixed with water clouds. Figures 2(a)–(d) display the correla-
tion between τ c and τ a, re and τ a, IWP and τ a, and Nw and Na, where IWP is the ice
water path. The dust loading is heavy (τ a,max = 4), the range of τ a is wider than those
shown by Ou et al. (2009) ((τ a,max – τ a,min) = 3.5) and the number of sub-grids available

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 L

os
 A

ng
el

es
 (

U
C

L
A

)]
 a

t 1
5:

48
 1

2 
Ju

ly
 2

01
2 



Satellite remote sensing of dust-ice effect 7263

12

(a)

10 R = 0.87417

τc = 1.71, τa = –0.597

σ = 0.85402
8

6

4

2

1.0 1.5 2.0 2.5 3.0 3.5 4.0

τa

τ c

τc Versus τa

(c)

R = 0.79343

CWP = 60.7, τa = + 116

σ = 39.976

1.0 1.5 2.0 2.5 3.0 3.5 4.0

500

400

300

200

C
W

P
 (

g
 m

–
2
)

100

τa

CWP Versus τa

(b)

re = -4.2, τa = + 30.1
R = 0.6863
σ = 3.8195

1.0

12

r e
 (

µm
)

16

20

24

28

1.5 2.0 2.5 3.0 3.5 4.0

re Versus τa

τa

(d)

Log Nw = 1.87, Log N a = - 3.44
R = 0.77722
σ = 0.26474

2.1

1.5

1.0

0.5

0.0
1.9 2.1

Log10 [Na(cm–3)]

L
o

g
1
0
 [
N

w
(c

m
–

3
)]

Nw Versus Na

2.0 2.2 2.3 2.4 2.5 2.6

Figure 2. Correlations between water cloud and dust aerosol properties over Japan on 8 April
2006 at 0440 UTC: (a) τ c versus τ a, (b) re versus τ a, (c) cloud water path (CWP) versus τ a and (d)
cloud droplet number concentration Nw versus aerosol number concentration Na. The straight
lines denote linear fittings of the data points, with the fitting equation given in each frame.

for correlation studies with coexisting dust and clouds is 306. All correlation coeffi-
cients are larger than 0.6, indicating strong relationships between cloud and aerosol
parameters. The cloud optical depth τ c varies between 0.5 and 12 and is shown to
increase almost linearly with τ a. For each correlation data point, τ c is mostly larger
than τ a, particularly for τ a near the maximum value. The cloud water path varies
between 250 and 300 g m−2, approximately satisfying the requirement of constant
cloud water content for the study of AIE.

The cloud effective radius re, varying between 9 and 30 µm, is negatively corre-
lated with τ a, and the dust AIE on water clouds is clearly demonstrated in this case.
The slopes �τ c/�τ a, �re/�τ a, �IWP/�τ a and �log(Nw)/�log(Na) are 1.7, −4.2
µm, 6.5 g m−2 and 1.87, respectively. The estimated AIE index, defined as the partial
derivative ∂[log(re)]/∂[�log(τ a)] (Feingold et al. 2003) is 0.5, based on the estimated
domain-mean value of re and τ a (∼21 µm and ∼2.5). This AIE index is larger than
the maximum value of 0.33 for spherical water droplets, based on the assumption of
constant cloud water content, indicating a strong dust AIE on water clouds.

Correlations of re versus τ a and of log(Nw) versus log(Na) are further compared
with those presented by Nakajima et al. (2001), who analysed global AVHRR data
for four seasonal representative months (January, April, July and October) in 1990.
In their figure 5, they showed that for all four seasons, re is negatively correlated
with log(N ′

a) and that log(N ′
w) is positively correlated with log(N ′

a), where N ′
a and N ′

w

are vertically integrated values of Na and Nw, using the following approximations
N ′

a = Na�za and N ′
w = Nw�zc, where �za and �zc are the thicknesses of aerosol and
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7264 S. C. Ou et al.

cloud layers, respectively. We find that �log(Nw)/�log(Na) = �log(N ′
w)/�log(N ′

a).
Based on the formulations derived by Ou et al. (2009), τa = 2πr2

aN ′
a, where ra is

prescribed as 0.5 µm, we estimated the slope value of �re/�τ a = −1.1 µm and
�log(Nw)/�log(Na) = 0.45. By comparison, the magnitudes of two slope values
shown in figure 2 are much larger. Note that Nakajima et al. (2001) derived globally
averaged values, which include all types and densities of aerosols, whereas the current
case is an extreme example of heavy dust loading. The results illustrate additional evi-
dence that dust aerosols and water cloud properties are highly correlated and that the
dust indirect effect on cloud formation can be detected and reasonably quantified on
the basis of satellite observations.

3.2 Comparison of dust indirect effect on ice and liquid water clouds (10 March 2006
at 0510 UTC)

Figure 3(a) shows an Aqua/MODIS scene for 10 March 2006 at 0510 UTC over
Northeast Asia. Similarly to the scene shown in figure 1, this case contains a significant
presence of original and transported dust layers with imbedded clouds over the Yellow
Sea, Northeastern China and North Korea. We selected a domain within which both
ice and liquid water clouds were present over the portion of the Yellow Sea between
the Shang-dong and Liao-Ning Peninsulas. Based on cloud-phase mask results, this
domain exhibits a heavy dust loading, and liquid water clouds were mixed with scat-
tered ice clouds. Over ice cloud pixels, 1.38 µm band reflectances are non-zero and
Tc(<243 K) is low. In addition, the MODIS cloud mask shows that areas masked by
clear and cloudiness are collocated with negative and positive brightness temperature
differences between 11 and 12 micron band (BTD11-12) values, respectively (Hansell
et al. 2007). Figure 3(b) displays a τ a map, where its value is as high as 6. Figure 3(c)
shows the distribution of re. Within the selected domain, re is between 5 and 30 µm.

Figures 4(a)–(d) display the correlation between τ c and τ a, re and τ a, IWP and τ a

and N i and Na for ice cloud pixels. This case is also statistically significant and is char-
acterized by heavy dust loading (τ a,max = 4.7), a wide range of τ a ((τ a,max − τ a,min) =
4.5) and a large number of correlation sub-grids (136). The correlation coefficients for
τ c and τ a, re and τ a and N i and Na are generally larger than 0.6, indicating strong
relationships between cloud and aerosol parameters. The cloud optical depth τ c varies
between 0.7 and 5.5 and is shown to increase with increasing τ a. For each correla-
tion data point, τ c is generally larger than τ a, particularly for τ a > 3. The cloud
effective particle size re varies between 10 and 27 µm and decreases with increasing
τ a. The IWP varies between 250 and 300 g m−2, which is weakly correlated with τ a

with a correlation coefficient of 0.37. The slopes �τ c/�τ a, �re/�τ a, �IWP/�τ a and
�log(N i)/�log(Na) are 0.949, −3.73 µm, 2.83 g m−2 and 0.328, respectively. The esti-
mated aerosol AIE index is 0.47 based on estimated domain-mean values of re and τ a

(∼20 µm and ∼2.5).
Figures 4(e)–(h) illustrate the same correlations between cloud and aerosol para-

meters for water cloud pixels. This is another statistically significant case with heavy
dust loading (τ a,max = 5), revealing a wide range of τ a and a large number of cor-
relation sub-grids (473). The correlation coefficients for τ c and τ a, re and τ a, IWP
and τ a and N i and Na are generally larger than 0.75, indicating a strong relationship
between cloud and aerosol parameters. The cloud optical depth τ c varies between 0.2
and 5.5 and increases with increasing τ a. On the contrary, the cloud effective particle
size re, which varies between 5 and 28 µm, decreases with increasing τ a. CWP varies
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Figure 3. Same as figure 1, except for the MODIS overpass on 10 March 2006 at 0510 UTC
over the Northeast Asian continent and Korea. The rectangular domain contains dust layers
with imbedded clouds.

between 10 and 300 g m−2 and is weakly correlated with τ a with a correlation coeffi-
cient of 0.27. The slopes �τ c/�τ a, �re/�τ a, �IWP/�τ a and �log(N i)/�log(Na) are
0.988, −4.26 µm, 13.9 g m−2 and 1.65, respectively. The estimated aerosol AIE index
is 0.75 based on the estimated domain-mean value of re(∼17) and τ a(∼3). This AIE
index is again larger than the maximum theoretical value of 0.33 derived for spherical
water droplets, indicating a strong dust AIE on water clouds.

3.3 Comparison of dust indirect effects over land and ocean (31 March 2007 at 0500
UTC)

Figure 5(a) shows another Aqua/MODIS scene for 31 March 2007 at 0500 UTC
over Northeastern and Eastern China and the East China Sea. Similarly to the scenes
shown in figures 1 and 3, this case contains a significant presence of dust layers mixed
with clouds. Over Northeastern China, BTD11-12 values are around −4 K, indicating
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Figure 4. (a)–(d) Same as figure 2, except for correlations of the dust aerosol and ice cloud
properties on 10 March 2006 at 0510 UTC. Figures (e)–(h) are the same as figures (a)–(d),
except for correlations of the dust aerosol and water cloud properties.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 L

os
 A

ng
el

es
 (

U
C

L
A

)]
 a

t 1
5:

48
 1

2 
Ju

ly
 2

01
2 



Satellite remote sensing of dust-ice effect 7267

28

44

40

L
a

ti
tu

d
e

 (
°N

)

36

32

Longitude (°E)

108 112 116 120 124 128 132 136

0

1

2

3

A
e
ro

s
o
l o

p
tic

a
l d

e
p
th

 (la
n
d
, D

B
)

4

5

(c)

28

44

40

L
a

ti
tu

d
e

 (
°N

)

36

32

Longitude (°E)

108 112 116 120 124 128 132 136

90

75

60

45

C
lo

u
d
 e

ffe
c
tive

 ra
d
iu

s
 (µ

m
)

30

15

0

(d)

30
Vertical feature mask   UTC: 2007-03-31   04:56:26.4 to 2007-03-31   05:09:55.0   Version: 3.01  Nominal daytime

25

20

15

A
lt
it
u
d
e
 (

k
m

)

10

5

0

Lat 10.78 16.84 35.11 41.17 47.20 53.18 59.12

7

6

5

4

3

2

1

3 (L)

2 (L)

1 = clear air 2 = cloud

22.95

3 = aerosol 5 = surface 6 = subsurface 7 = totally

attenuated

L = low/no confidence

29.04

4 = stratospheric

layer

114.75118.00120.56122.69124.53129.09130.44 127.68 126.17Lon

(e)

28

44

40

L
a

ti
tu

d
e
 (

°N
)

Longitude (°E)

36

32

108 112 116 120 124 128 132 136

0

1

2

3

A
e
ro

s
o
l o

p
tic

a
l d

e
p
th

 (o
c
e
a
n
)

4

5

(b)(a)

Figure 5. Images for the MODIS overpass on 31 March 2007 at 0500 UTC over Northeastern
and Eastern China and the East China Sea; (a) RGB; (b) aerosol optical depths over ocean; (c)
aerosol optical depths over land; and (d) cloud effective particle sizes. The rectangular domain
contains dust over both land and water with imbedded clouds; (e) result of the vertical feature
mask obtained from CALIOP-polarized echoes. Between the two vertical dashed lines, which
denote the southern and northern bounds of the selected domain, clouds mixed with dust have
been identified using the lidar depolarization technique.

a heavy load of dust aerosols. Major cirrus clouds were present over Northeastern
China, Mongolia and Southern Japan, where the 1.38 µm band reflectances are larger
than 0.1, whereas Tc are lower than 243 K. The cloudy areas are mostly liquid water
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clouds. The distributions of cirrus and liquid water clouds are consistent with cloud-
phase mask results. In addition, the MODIS cloud mask illustrates that the areas
masked by clear and cloudiness are collocated with negative and positive BTD11-
12 values, respectively. Figures 5(b) and (c) display aerosol optical depth maps over
ocean and land, respectively, where the results over land were obtained by the Deep
Blue algorithm developed by Hsu et al. (2004). We selected a domain within which
dust aerosols are present over both ocean and land such that both ice and liquid water
clouds were present over Northeastern China and the East China Sea. Dust aerosols
over ocean and land were located in the southern and northern halves of the selected
domain. In figure 5(d), we see that re < 10 µm for cirrus clouds (cyan coloured) and
re < 10 µm for water clouds (deep-blue coloured). The result of the vertical feature
mask derived from polarized echoes of the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) onboard the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) satellite is shown in figure 5(e). Between the two
vertical dashed lines, which denote the southern and northern bounds of the selected
domain, clouds (cyan coloured) and dust layers (orange coloured) have been identified
using the lidar depolarization technique. This image clearly demonstrates that clouds
and dust were in the same atmospheric layers, which extended to 5 km.

Figures 6(a)–(d) display the correlation between τ c and τ a, re and τ a, IWP and τ a

and N i and Na for ice cloud pixels over ocean. As in figures 2 and 4, the dust loading is
heavy (τ a,max = 5), with 251 sub-grids available for correlation studies. The correlation
coefficients between τ c and τ a, and re and τ a, are larger than 0.6, indicating strong
relationships between cloud and aerosol parameters. The cloud optical depth τ c varies
between 1 and 8 and is shown to have a linearly increasing trend as a function of
τ a. For each correlation data point, τ c is mostly larger than τ a. The slopes �τ c/�τ a,
�re/�τ a, �IWP/�τ a and �log(N i)/�log(Na) are 0.758, −3.51 µm, 1.72 g m−2 and
0.568, respectively. Based on the estimated domain-mean value of re(∼20 µm) and
τ a (∼2.5), we determined an aerosol AIE index of 0.44.

Figures 6(e)–(h) illustrate the same correlations between cloud and aerosol param-
eters as in figures 6(a)–(d), but for ice cloud pixels over land. The dust loading is
heavy (τ a,max = 4), with 339 sub-grids available for correlation studies. The correla-
tion coefficients between τ c and τ a, and re and τ a, are similar to those presented in
figures 6(a)–(d). Based on the estimated domain-mean value of re (∼8 µm) and τ a

(∼2), we derived an aerosol AIE index of 0.52.
For the same τ a, the cloud effective particle radius re over land is much smaller than

over ocean, a result consistent with previous studies. For this reason, the cloud optical
depth τ c over land is much larger than over ocean, which is associated with a stronger
scattering contribution. However, AIE is slightly stronger over land than over ocean.

4. Concluding remarks

This study addresses the AIE of the first kind on ice and liquid water cloud forma-
tion over both land and ocean by analysing pertinent data from Terra/Aqua/MODIS
over East Asia. The focus of our analysis is to examine the variability in correla-
tion between cloud parameters and tropospheric dust parameters inferred from the
available satellite cloud and aerosol data results. We selected and collected suitable
aerosol/cloud scenes, identified regions for analysis, statistically correlated ice cloud
and aerosol parameters and interpreted resulting correlation trends based on physical
principles.
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Figure 6. (a)–(d) Same as figure 2, except for correlations of dust aerosol and ice cloud prop-
erties on 31 March 2007 at 0510 UTC for ice cloud pixels over ocean within the selected domain
shown in figure 5; figures (e)–(h) are the same as figures (a)–(d), except for correlations of dust
aerosol and ice cloud properties for ice cloud pixels over land.
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We first demonstrated that the dust indirect effect on cirrus clouds can be detected
and reasonably quantified by satellite observations. Using a number of carefully
selected cases, we further showed that ice cloud mean effective particle sizes decrease
with increasing dust aerosol optical depth for a range of different dust loadings, clearly
illustrating the Twomey effect for dust–ice cloud interactions.

Second, based on the investigation of three MODIS scenes and the analysis of cor-
relations of dust and cloud properties, we showed the strong AIE within the selected
domains involving heavy dust coexisting with liquid water and ice clouds. We inves-
tigated the dust indirect effect on liquid water clouds with a strong dust loading.
We demonstrated that there is a strong correlation between dust and liquid water
cloud parameters. Subsequently, we compared the dust indirect effect on ice and water
clouds. For the selected domain, which contained a dust layer mixed with both ice and
water clouds, a negative correlation between τa and re for both ice and water clouds
was derived. The correlation coefficients for τc and τa, re and τa and Ni and Na were
all larger than 0.6, whereas the correlations between dust and water cloud properties
were better than those between dust and ice cloud properties.

Finally, we compared dust indirect effects on ice clouds over land and over ocean.
Aqua/MODIS scenes over Northeastern and Eastern China, and the East China Sea,
were selected, which contained dust layer and ice clouds over land and over ocean.
We showed that there is a negative correlation between τa and re for ice clouds. The
correlation coefficients for τc and τa and re and τa are larger than 0.6, whereas the
correlations between dust and ice cloud properties over land and over water are com-
parable, although re values over land are much smaller than those over ocean. The
preceding results illustrate evidence of dust and cloud interactions over Eastern Asia
consistent with the hypothesis of the Twomey effect.
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