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We undertook a new approach to investigate the aerosol indirect effect of the first kind on ice cloud for-
mation by using available data products from the Moderate-Resolution Imaging Spectrometer (MODIS)
and obtained physical understanding about the interaction between aerosols and ice clouds. Our analysis
focused on the examination of the variability in the correlation between ice cloud parameters (optical
depth, effective particle size, cloud water path, and cloud particle number concentration) and aerosol
optical depth and number concentration that were inferred from available satellite cloud and aerosol
data products. Correlation results for a number of selected scenes containing dust and ice clouds are
presented, and dust aerosol indirect effects on ice clouds are directly demonstrated from satellite obser-
vations. © 2009 Optical Society of America

OCIS codes: 010.1650, 010.1110.

1. Introduction

The global mean burden of aerosols has been con-
stantly increasing from preindustrial times to the
present day. Major species of atmospheric aerosols
include mineral dust particles lifted from desert
surfaces by dust storms and transported across con-
tinents and oceans by atmospheric general circula-
tion, organic suspensions and inorganic particles
injected by biomass burning and wild fires, and haze
particles associated with urban air pollution. More-
over, due to the substantial increase in air traffic in
recent years, soot particles composed mainly of black
carbon (BC), along with sulfur compounds and water
vapor, have infiltrated the upper troposphere, caus-
ing increased frequency in the occurrence of contrails
and contrail-induced cirrus clouds [1–4].
By means of absorption and scattering processes,

aerosols affect atmospheric radiative transfer

through their direct interaction with solar radiation.
Aerosols also affect atmospheric radiative and cli-
mate forcings indirectly through their interaction
with clouds bymodifying cloud optical properties and
precipitation efficiency. The direct radiative effect of
aerosols is much smaller than that of clouds. How-
ever, their indirect effects on cloud formation and
coupled radiative effects are critically important in
conjunction with energy balance and hydrological cy-
cle of the Earth–atmosphere system [5]. To effec-
tively quantify the radiative and climatic effect of ice
clouds induced by the presence of aerosols, a term re-
ferred to as the radiative forcing, defined as the dif-
ference between shortwave and longwave radiative
fluxes under cloudy and cloud-free conditions, has
been used to understand and quantify the aerosol
indirect effect. Significant uncertainties exist in cur-
rent climate models and observations in the assess-
ment of radiative forcing of the aerosol-induced ice
cloud formation [6].

Lohmann and Feichter [7] provided a comprehen-
sive review of the current status of research in global
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aerosol indirect effects. The aerosol indirect effect of
the first kind is now referred to as the “Twomey
effect” [8], an effect involving increases in solar cloud
albedo due to decreases in cloud particle sizes caused
by additional aerosols serving as cloud condensation
nuclei (CCN) and ice nuclei (IN). Other types of in-
direct effects have also been identified and are re-
ferred to as the aerosol indirect effect of the second
kind, including the effect on cloud lifetime and pre-
cipitation efficiency caused by additional smaller
cloud particles [9,10] and the solar absorption effect
of soot particles related to decreases in the precipita-
tion efficiency [11,12]. The Twomey effect on low-
level stratiform water clouds has been distinctly ob-
served by satellite radiometers. The most notable
example is the observation of perturbed marine stra-
tus cloud decks that hover over ship tracks off the
coast of California [13]. At this point, the aerosol
indirect effect of the first kind on water clouds has
been well studied [14]. However, investigation of this
effect in association with ice clouds has been extre-
mely limited, and large uncertainties exist for its
quantification.
The formation of ice crystals in high-level clouds

involves the homogeneous freezing of solution dro-
plets formed on soluble CCN at temperatures below
−37°, as well as the heterogeneous freezing processes
involving insoluble or partially soluble IN. The lead-
ing IN candidates are mineral dust and BC [15]. In
particular, dust particles generally originate from
arid desert surfaces and can be transported thou-
sands of miles away before they eventually settle
back onto the surface again [16–18]. Dust particles
can also be lifted upward into the middle and upper
troposphere, where they can interact with high-level
clouds and modify their microphysical and radiative
properties [19]. Also note that elevated dust particles
can serve as IN via the deposition nucleation. Based
on laboratory studies, surrogates for mineral dust
particles proved to be strong contributors to hetero-
geneous IN populations, and it has been found that
heterogeneous freezing rates increase with dust par-
ticle size under the same thermodynamic condi-
tions [20].
We have developed an approach to investigate the

dust aerosol indirect effect involving ice clouds
through analysis of the data gathered from satellite
remote sensing and have provided a better under-
standing of the cause-and-effect relationship be-
tween dust and ice cloud formation. Section 2
describes the processing and analysis of satellite
data, followed by the presentation of correlation re-
sults between ice cloud and dust aerosol properties in
Section 3. Concluding remarks are given in Section 4.

2. Analysis of Satellite Data

The analysis of satellite data begins with the identi-
fication of Moderate-Resolution Imaging Spectro-
meter (MODIS) scenes and dust/ice-cloud areas.
For a selected scene, we first search for regions that
clearly display the simultaneous presence of aerosols

and ice clouds over both water and land surfaces.
Heavy aerosol areas over dark surfaces normally
appear in hazy light-yellow-brownish or light-blue
color. Aerosols are identified as clear pixels based
on the MODIS cloud mask along with aerosol optical
depths available from the existing database, and
aerosols originated from dust-prone regions were de-
termined by the MODIS aerosol algorithm to be pri-
marily consisting of mineral dust [21]. In addition,
examination of the MODIS red-green-blue images
indicates that ice cloud areas are normally character-
ized by white-colored hairy cloudy pattern. Ice
clouds are identified by the MODIS cloud and cloud-
phase masks when their optical depths are larger
than zero.

To determine the ice crystal number concentration
(Ni), we first define the ice water content (IWC) as
follows:

IWC ¼ ρi
Z

viðLÞniðLÞdL; ð1Þ

where L is the ice crystal maximum dimension, viðLÞ
is the single ice crystal volume as a function of L, ni is
the ice crystal size distribution, and ρi is the ice crys-
tal mass density. We can define a characteristic mean
particle volume, �vi, in the form

�vi ¼
R
viniðLÞdLR
niðLÞdL

¼
R
viniðLÞdL

Ni
: ð2Þ

To get Ni, we first use the MODIS-retrieved ice
cloud optical depth, τc, and mean effective particle
radius, re, to determine IWC based on the parameter-
ization of these three variables as follows [22]:

IWC ¼ τc=½ðaþ b=reÞΔzc�; ð3Þ

where a ¼ −6:656 × 10−3 m2=gm and b ¼ 3:686m2

−μm=gm, and Δzc is the cloud geometric thickness.
Collocated lidar dataset, if available, can be used to
determine Δzc. However, we do not have lidar data
for all the selected cases, and we have prescribed
ice cloud thickness using climatological values [23].
Subsequently, we obtain �vi from a relationship
between ice particle size distribution and cloud tem-
perature developed from statistical analysis of air-
craft in situ microphysical observations [24]. Since
the mean ice crystal effective size increases with
cloud temperature, we expect that �vi also increases
with cloud temperature.

Likewise, the aerosol number concentration (Na)
can be determined from a similar procedure. The
aerosol mass concentration (AMC) can be expressed
as follows:

AMC ¼ ρa
Z

vaðrÞnaðrÞdr; ð4Þ

where r is the aerosol particle radius, vaðrÞ is the
aerosol volume as a function of r, na is the aerosol size
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distribution, and ρa is the aerosol mass density. We
can define a mean aerosol particle volume such that

�va ¼
R
vanaðrÞdrR
naðrÞdr

¼
R
vanaðrÞdr

Na
¼ AMC

ρaNa
: ð5Þ

The value of �va and ρa can be estimated based on
in situ or laboratory observations or an aerosol com-
position and a size distribution assumed a priori [25].
To get Na from Eq. (5), we use the MODIS-retrieved
aerosol optical depth, τa, together with a prescribed
mean effective particle size, ra, defined by

ra ¼
Z

r3naðrÞdr
r2naðrÞdr

; τa ¼ 2πΔza

Z
r2naðrÞdr;

where Δza is the aerosol layer thickness, which can
be determined based on an available collocated lidar
dataset. If a collocated lidar dataset is not available,
instead of prescribing Δza, a vertically mean extinc-
tion coefficient (βext ¼ τa=Δza) can be extracted from
tabulated climatological values for dust-like aerosols
[26]. Assuming that aerosols are spherical (va ¼
4
3 πr3), we obtain from Eq. (4) the following
relationship:

AMC ¼ 2
3
ρaraτa=Δza: ð6Þ

Equation (6) is different from Eq. (3) in form, be-
cause Eq. (3) was derived based on the assumption
that ice clouds are composed of nonspherical ran-
domly oriented ice crystals [22].
Both the estimated �vi and �va can be subject to un-

certainties whose effects on correlation analysis re-
quire detailed sensitivity studies based on in situ
measured ice crystal and aerosol size distributions
(also subject to uncertainties) that are collocated
with satellite observations, a subject requiring
further investigations. Nevertheless, we have de-
monstrated the validity of derived cloud and aerosol
properties by comparing with in situ measurements
(see Section 3 below).
To correlate ice and aerosol properties, we have di-

vided the identified aerosol/ice-cloud domain into a
number of multipixel subgrids. Because the MODIS
cloud mask program identifies a pixel either as clear/
aerosol or cloud, and because the current MODIS
cloud and aerosol algorithms cannot simultaneously
detect/retrieve aerosol and cloud parameters for a
single pixel, we have performed the correlation ana-
lysis using the average aerosol and cloud properties
within each subgrid that contains both ice cloud and
aerosol pixels. Aerosol/cloud optical depth and parti-
cle size have been routinely retrieved by MODIS al-
gorithms. For visible and near-IR window bands used
in the MODIS cloud retrieval program, effects of
water vapor absorption/emission on reflectance/
radiance are minimal in relation to the quantifica-
tion of aerosols in the vicinity of clouds. The horizon-

tal variation of satellite-inferred cloud properties
within these relatively small subgrids would be pri-
marily caused by microphysical processes involving
aerosol–cloud interactions, since the spatial and time
scales associated with the variability of aerosols (on
the order of microns and seconds) are substantially
smaller than those associated with meteorological
drivers (on the order of kilometers and hours). More-
over, because of the very high spatial resolution of
MODIS data (∼0:25–1km2) and the excellent and ef-
fective capability of the MODIS cloud mask program
to detect cloud pixels, it is anticipated that effects of
cloud contamination on the inference of the aerosol
field would be minimal [27].

We have also carefully taken into account the com-
plexity of retrieving aerosol products in the presence
of thin cirrus clouds. Since the MODIS cloud mask
program contains state-of-art operating algorithms
that were developed and implemented specifically
for the effective detection of thin cirrus clouds, the
problem of cirrus contamination in aerosol products
has been minimized. In our study, we have ensured
that only the aerosol property products for pixels
flagged by the MODIS cloud mask program as “con-
fidently clear”were extracted for analysis. These con-
fidently clear pixels have been identified through a
series of stringent threshold tests, including the
1:38 μm band reflectance test, which is particularly
efficient in identifying high thin cirrus clouds [28].
Thus, it is anticipated that the probability of a de-
tected aerosol pixel being contaminated by cirrus
is extremely small. On the other hand, effects of con-
tamination by aerosols imbedded in ice cloud pixels
on the retrieved cloud optical depth and effective par-
ticle size are expected to be negligible, because the
contribution of cloud reflection typically dominates
the total reflectance due to the relatively small aero-
sol optical depth. Thin cirrus cloud pixels with τc < 1
are not included in the analysis.

We searched for statistically meaningful correla-
tions between ice cloud and aerosol number concen-
trations based on the criterion that the magnitude of
the correlation coefficient is larger than a threshold
value. Subsequently, a parameterized relationship
between them is developed using a least-square fit-
ting technique.

3. Application to the MODIS Scenes Containing Dust
and Ice Clouds

A. Dust Aerosol Indirect Effect on Ice Clouds Formed on
Top of a Transported Dust Layer

We examined MODIS data covering the regions of
frequent dust outbreaks in East Asia, the Middle
East, and Western Africa, and areas associated with
long-range dust transportation such as the equator-
ial tropical Atlantic Ocean. Based on visual inspec-
tion and cloud mask results, we have chosen a
number of interesting MODIS dust scenes to study
the Twomey effect on ice clouds. These scenes con-
tain both dust/aerosols and clouds. Cloud and aerosol
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optical depths and cloud particle sizes inferred from
MODIS for selected domains were analyzed from
which the parameters IWP, Ni, Nw, and Na were
subsequently derived. The unified ice crystal light
scattering theory [29,30] for all ice crystal sizes
and shapes was adopted in the retrieval of ice cloud
optical properties. This unified theory is a unification
of an improved geometric ray-tracing/Monte Carlo
method for size parameters larger than about 15
and a finite-difference time domain method for size
parameters less than 15. Based on MODIS cloud op-
tical properties and aerosol product Algorithm The-
oretical Basis Documents [31,21], uncertainties in
retrieved τc and re are less than 10% and 3 μm, re-
spectively, while estimated errors in retrieved τa
are nearly zero for τa < 1 and less than 10% for
1 ≤ τa ≤ 5. These MODIS cloud and aerosol products
were obtained on the basis of the independent-pixel
assumption. The effect of three-dimensional radia-
tive transfer was not included in the retrieval algo-
rithm, a subject that requires further investigation
and is beyond the scope of the present study. As men-
tioned above, the selected domain was divided into a
number of subgrids to develop statistical correlations
between the subgrid mean cirrus cloud and dust
parameters and to investigate the variability and
physical significance of these correlations.
In the following, we present a case of dust aerosol

indirect effect on glaciated ice clouds. We based our
investigation on a prominent case of 29 July 2002,
detected by pulse detecting lidar (PDL) during
the Cirrus Regional Study of Tropical Anvil and
Cirrus Layers—Florida Area Cirrus Experiment
(CRYSTAL-FACE) in the southwest coast of Florida,
a campaign to study subtropical high-level cirrus and
aerosols. The observations were initially designed to
study cirrus layers, but at the same time captured a
depolarizing aerosol layer extending from the top of
the boundary layer (∼1:7km abovemean sea level) to
∼5:5km. Figure 1 as adopted from Ref. [19] provides
the height-versus-time displays of the PDL linear de-
polarization ratio (δ) and relative returned power
from the Ochopee field site of the CRYSTAL–FACE
program in the morning. The altocumulus at far
right containing supercooled spherical droplets pro-
duces near-zero depolarization at the liquid cloud
base with a gradual increase aloft due to multiple
scattering effects in the optically denser portions of
the cloud. As the layer height decreased, glaciation
occurred at 1516 UTC and displayed depolarization
δ of 0:3–0:4. This glaciation took place close to the top
of the dust layer. The average temperatures mea-
sured by the University of North Dakota (UND) Ci-
tation aircraft during takeoff and landing at the
altocumulus cloud base and top heights are rela-
tively warm with temperatures at −5:2 and
−8:8°C, respectively.
In conjunction with this case, we analyzed the

MODIS/Aqua data collocated with the PDL ice cloud
detection on 29 July 2002. Figures 2(a)–2(d) display
ice cloud optical depth (τc), mean effective particle

size (re), cloud temperature (Tc), and aerosol optical
depth (τz). For the identified ice cloud region collo-
cated with the lidar site denoted by the orange circle,
τc varies between 0 and 20 with a majority of pixels
showing values less than 10, while re ranges between
0 and 60 μm with a majority of pixels showing values
between 10 and 20 μm. Tc is shown to be between 200
and 260K with a distribution peak near 260K, con-
sistent with the lidar measured cloud-top height at
5:5km. Humidity and temperature soundings during
the UND Citation takeoff and landing also reveal a
distinct moist layer (RH∼ 100%) between 4 and 6km
with a temperature near the top of this moist layer of
260K, which matches the majority of MODIS cloud-
top temperature values. The aerosol optical depth τa
varies between 0.2 and 0.7 with a distribution peak
at 0.45.

In Figs. 2(e)–2(h), we display a number of correla-
tion studies involving τc versus τa, re versus τa, IWP
versus τa, and Ni versus Na. The cloud IWP, ranging
from 0 to 140 gm−2, was derived from τc and re. The
average cloud geometrical thickness is about 1:5km
based on lidar measurements [19], leading to a range
of IWC from 0 to 0:093 gm−3. Note that themaximum
IWC is close to the climatological value of 0:1 gm−3

Fig. 1. (Color online) PDL linear depolarization ratio (see color
scale at top) and relative returned power (in a logarithmic gray
scale) height-versus-time displays on the morning of 29 July
2002, from the Ochopee field site of the CRYSTAL—FACE pro-
gram. Depicted are strongly depolarizing (δ ¼ 0:2 to 0.4) upper tro-
pospheric cirrus clouds, aerosols (δ ¼ 0:10 to 0.15) extending up to
∼5:5km, and at far right a supercooled liquid altocumulus cloud
(δ ¼ 0 at cloud base). Note the temporary glaciation of this cloud as
it descended into the top of the dust layer.
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Fig. 2. (Color online) MODIS retrieval products for 29 July 29 2002 at 1600 UTC over southern Florida: (a) cloud optical depth (τc),
(b) effective particle size (re), (c) cloud-top temperature (Tc), and (d) aerosol optical depth (τa). The orange-circled areas display aerosol
and cloudy regions that correspond to the glaciated altocumulus observed by the PDL. The selected domain was divided into a number of
subgrids, and statistical correlations between the subgridmean cirrus cloud and dust parameters were developed and are shown in (e)–(h):
(e) τc versus τa, (f) re versus τa (g) IWP versus τa, and (h)Ni versusNa. The straight lines denote linear fittings of the data points, with the
fitting equation, coefficient of correlation (R) and standard deviation (σ) given at the top of each frame.
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shown in Liou (2002, Fig. 8.15) [22]. The number con-
centrationsNi andNa vary between 0 and 4 cm−3 and
between 20 and 80 cm−3, respectively. The former
number compares reasonably well with in situ mea-
surements obtained from the continuous flow diffu-
sion chamber (CFDC) onboard the UND Citation
II [32], while the latter number compares closely
to the Miami aerosol mass concentration measure-
ments during the CRYSTAL-FACE campaign, 28–
29 July 2002 [19]. Within the dust layer between 1
and 4km, the CFDC measurements show that the
number density of IN was between 0.01 and 1 cm−3

and Na varied between 1 and 100 cm−3. The Miami
aerosol measurement record shows three episodes
of the mineral dust burst in July. The maximum
mass concentration of mineral dust (∼40 μgm−3) oc-
curred during the 28–29 July period. Given that the
dust density is about 2 g cm−3 and that the mean dust
radius is 0:5 μm, this maximum mass concentration
corresponds to a number concentration of ∼40 cm−3.
The range of inferred Na is of the same order of mag-
nitude as this observed value.
Based on a linear fitting of the data points, both τc

and IWP generally increase with τa, whereas cloud
effective particle radius re decreases with increasing
τa. The trend of re versus τa illustrates that there is a
correlation between these two parameters, consis-
tent with the hypothesis of the Twomey effect invol-
ving dust and ice clouds. Also note that the cloud
number concentration Ni increases when dust num-
ber concentration Na increases. This can be physi-
cally interpreted in terms of an aerosol-induced cloud
phase change. With ample moisture supply, as evi-
denced by the high relative humidity in the cloud
layer, liquid cloud droplets were first formed on
CCN. As these cloud droplets descend into the dust
layer, dust particles, serving as effective IN, trigger
glaciation. Increasing aerosol optical depth would
provide more IN, leading to smaller ice crystal sizes
due to the competition for moisture.
Figures 2(e)–2(h) also include the coefficients of

correlation (R) and the standard deviations (σ). How-
ever, both R and σ can only give an indication of the
extent of cloud inhomogeneity, and cannot be used to
quantify the Twomey effect. For example, Fig. 2(f)
shows some spread of data points (0 < τc < 10 for
τa < 0:4) caused by cloud inhomogeneity, as reflected
by the relatively small Rð¼ −0:26Þ and large
σð¼ 10:8 μmÞ. The Twomey effect can be statistically
quantified based on the slope of best-fit straight lines
in the correlation study. Figures 2(e)–2(h) show that
the slope values of Δτc=Δτa, Δre=Δτa, ΔIWP=Δτa,
and ΔNi=ΔNa are 6.8, −26:5 μm, 61:56 gm−2, and
0.014, respectively. These values are indicative of
the sensitivity of ice cloud properties to variation
in aerosol properties and are dependent on such fac-
tors as relative humidity and ice cloud and dust aero-
sol optical properties that vary with location and
time. Feingold et al. (2003) [33] quantified the aerosol
indirect effect (AIE) for water clouds in terms of the
following index:

AIE ¼ −ðd ln reÞ=ðd ln αÞ; ð7Þ

where α is the aerosol extinction coefficient. The AIE
range for water clouds is found to be between 0 and
0.33. For the present ice cloud, we assume that
d ln α ¼ d ln τa, which is valid for a constant geometri-
cal thickness of the dust layer.

Based on the mean retrieved re and τa of 16:03 μm
and 0.403, respectively, and the slope Δre=Δτa ¼
−26:5 μm, the estimated AIE is 0.67, about twice
as large as the maximum value proposed by Feingold
et al. It must be noted that in deriving the maximum
value of AIE (0.33), Feingold et al. assumed that
cloud liquid water content is constant and that cloud
droplets are spherical. In the present study, IWC is
not constant, but increases with τa, as shown in
Fig. 2(g). Using the AIE index, it appears that the
present case illustrates a significant dust indirect ef-
fect on ice cloud formation that is more prominent
than typical aerosol indirect effects for water clouds.

B. Dust Aerosol Indirect Effect on Cirrus Clouds with
Different Dust Loadings

In addition to the lidar depolarization technique, we
can also identify aerosol indirect effect by compari-
son of a number of cirrus cloudy regions with
different dust loadings. To the best of our physical
understanding, cirrus clouds over a heavier dust
area (with many of dust particles serving as potential
IN) would likely be affected more than those over a
lighter dust region. With this understanding, we per-
formed statistical analysis involving two cases that
occurred in Western Africa and Korea. For each case,
we compared the mean effective cloud particle sizes
for cirrus in proximity with different dust loadings.
For the Korean case, we also carried out statistical
analysis to evaluate the dust Twomey effect for dif-
ferent cirrus cloudy regions.

Figure 3(a) shows a Terra/MODIS scene for the
date 23 September 2006 at 1210 UTC over the East-
ern Tropical Atlantic Ocean and Western Africa.
Near the southwest corner, we see an area of the
transported dust layer characterized by a light-
yellowish background with clouds imbedded in it.
We selected regions A and B, which contain cirrus
clouds on top of a heavier and a lighter dust layer,
respectively. Within these regions, the brightness
temperature differences between 11 and 12 μm
bands (BTD11-12) and between 8.55 and 11 μm
bands (BTD8-11) vary between 0 and 4K and be-
tween 0 and 5K, respectively. These positive values
of BTD11-12 and BTD8-11 indicate semitransparent
to opaque cirrus clouds. The 1:38 μmband reflectance
also displays nonzero values for both regions, further
confirming that the area contains cirrus clouds. In
addition, MODIS cloud mask shows that the area
is masked by cloudiness, and its cloud-phase mask
indicates that parts of the cloudiness within both re-
gions are ice clouds. Table 1 provides a list of para-
meters and their mean values for domains A and B.
Low Tc values for both domains further confirm the
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existence of ice clouds. For domain A, τa varies be-
tween 0.42 and 0.6 [Fig. 3(b)] with a mean value of
0.49, while re varies between 0 and 70 μm, with a

mean value of 29:1 μm [Fig. 3(c)]. For domain B,
we determine τa in the range 0.12–0.25 [Fig. 3(b)]
with a mean value of 0.16, and re in the range
0–90 μm [Fig. 3(c)], with a mean value of 32:4 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.

Figure 3(d) shows the other Terra/MODIS scene
over Korea for the date 20 March 2001 at 0255
UTC. A distinctive yellowish-brown dust band ex-
tended from the tip of China’s Shangdong Peninsula,
across the Korean Peninsula to the Eastern Siberian

Fig. 3. (Color online) MODIS scenes with simultaneous presence of cirrus cloud and dust layers. Images for MODIS overpass on 23
September 2006 at 1210UTC over western Africa: (a) RGB, (b) aerosol optical depth, and (c) cloud effective particle size. Images forMODIS
overpass on 20 March 2001 at 1210 UTC over Korea: (d) RGB, (e) aerosol optical depth, and (f) cloud effective particle size.

Table 1. Parameter Ranges and Their Mean Values for Domains A and
B of the MODIS Scene for 23 September 2006 at 1210 UTC over Eastern

Tropical Atlantic Ocean and Western Africa

Parameter Range (mean value)

Region τc re ðμmÞ TcðKÞ τa
A 0–30 (3.25) 0–70(29.1) 200–260(220) 0.42–0.6(0.49)
B 0–10(1.76) 0–90(32.4) 200–270(220) 0.12–0.25(0.16)
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coast. This band is presumably the remnant of a
northern China dust outbreak transported across
the northwest Pacific Ocean. Near the northeast cor-

ner of the scene, we observe an area of transported
dust layer characterized by a light-yellowish color
background with clouds imbedded in it. Following

Fig. 4. (Color online) (a)–(d) Same as Figs. 2(e)–2(h), except for domain A of MODIS scene over Korea and Japan for the date 20 March
2001 at 0255 UTC. (e)–(h) Same as Figs. 2(e)–2(h), except for domain B.
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the same approach as above, we selected regions A
and B, which contain cirrus clouds on top of the dust
layers of different loading. Within these regions,
BTD11-12 and BTD8-11 vary between 0 and 2K
and between 0 and 5K, respectively, and indicate
semitransparent to opaque cirrus clouds. Also, the
1:38 μm band reflectance and cloud-phase mask both
indicate that these two regions contain patchy opa-
que ice clouds. Table 2 gives a list of parameters
and their mean values for the two regions. For region
A, τa and re vary between 0.9 and 1.3 [Fig. 3(e)] and 5
and 45 μm [Fig. 3(f)], with mean values of 1.07 and
20:3 μm, respectively. For region B, τa and re vary
between 0.7 and 1.2 [Fig. 3(e)] and 16 and 45 μm
[Fig. 3(f)], with mean values of 0.88 and 27:8 μm, re-
spectively. This case again convincingly demon-
strates the Twomey effect for dust–ice cloud
interactions, i.e., larger dust optical depths are
coupled with smaller ice particle sizes.
A number of correlation studies have been carried

out: cirrus and dust optical depths (τc and τa), cirrus
particle size and dust optical depth (re and τa), ice
water path and dust optical depth (IWP and τa), and
number concentrations for ice and dust (Ni and Na).
Figures 4(a)–4(d) display the resulting correlation
plots along with R and σ for domain A. The majority
of sampled optical depths for cirrus are between 1.5
and 5 with particle sizes from 20 to 30 μm. IWP va-
lues are within 30 and 80 gm−2. The number concen-
tration Ni varies between 0.8 and 2:5 cm−3 and Na
between 11 and 16 cm−3. Figures 4(e)–4(h) show
the same correlation plots along with R and σ for
domain B. In this case, the cirrus optical depths
are between 0.9 and 4, with particle sizes ranging
from 14 to 32 μm. The range of IWP covers
20−90 gm−2. The number concentrations Ni and
Na vary between 0:5–2:5 cm−3 and 8–15 cm−3, respec-
tively. As in Figs. 2(e)–2(h), linear fittings of data
points illustrate that cirrus optical depth and IWP
generally increases with aerosol optical depth, while
mean effective ice particle size decreases with in-
creasing dust optical depth. Moreover, cirrus cloud
number concentration increases with dust number
concentration.
In particular for region B, based on the mean re-

trieved ice particle effective size re and themean dust
optical depth τa, as given in Table 2, and the slope
Δre=Δτa ¼ −14:73 μm as shown in Fig. 4(f), we ob-
tained an AIE index of 0.46, which is about 2=3 of
the value derived from Fig. 2(f), pointing to a weaker
Twomey effect. However, R is larger in magnitude

(−0:53), while σ is smaller (3:6 μm), indicating a bet-
ter correlation, because clouds are more homoge-
neous, as indicated by a smaller range of variation
in τcð1 < τc < 4Þ, than that displayed in Fig. 2(f).
These comparisons suffice to demonstrate that the
Twomey effect cannot be related to R and σ.

4. Concluding Remarks

This study addresses the aerosol indirect effect of the
first kind on ice cloud formation by analyzing
pertinent data from Terra/Aqua/MODIS. Our analy-
sis focused on the examination of variability in
the correlation between ice cloud parameters and
tropospheric dust parameters inferred from the
available satellite cloud and aerosol data results.
We selected and collected suitable aerosol/ice-cloud
scenes, identified analysis regions, statistically
correlated ice cloud and aerosol parameters, and in-
terpreted resulting correlation trends based on
physical principles.

We demonstrated that the dust indirect effect on
cirrus clouds can be detected and reasonably quanti-
fied by satellite observations. For the CRYSTAL-
FACE case (29 July 2002), with the support of
ground-based lidar observation, we identified a re-
gion of ice clouds formed on top of a transported Afri-
can dust layer. Satellite derived ice cloud and dust
properties were shown to agree reasonably with
in situ and ground-based measurements. Correla-
tions of ice cloud and dust properties indicate strong
aerosol indirect effect existed within this region. For
the Eastern Atlantic Ocean case (23 September
2006) and the Korea case (20 March 2001), we iden-
tified a number of relevant cirrus cloud regions with
different dust loadings. By means of the MODIS re-
trieved cirrus mean effective sizes and aerosol optical
depths, we demonstrated that there is a negative cor-
relation between these two parameters. Correlations
between ice cloud and dust properties for the Korean
case display the same trends as the CRYSTAL-FACE
case. The preceding demonstrative results provide
new evidence of dust and ice cloud interactions that
are in consistent with the hypothesis of the Twomey
effect for water clouds.
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by U.S. Air Force Office of Scientific Research
(AFOSR) grant FA9550-07-1-0408 and NASA grant
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