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ABSTRACT

Two years collocated CALIPSO/CloudSat measurements
were employed to investigate the impacts of dust particles
on ice generation in mid-level stratiform clouds (cloud
top higher than 2.5 km above the surface and cloud top
temperature - CCT warmer than -40 0C) and drizzle for-
mation in warm stratiform clouds (CTT warmer than 0C)
in a global view. The results showed that not only do
the dusty mid-level stratiform clouds have higher mixed-
phase fraction compared with that of the non-dusty cases
at given CTT (colder than -6 0C) and layer maximum
lidar total attenuated backscattering (TAB, which has a
positive correlation with the cloud liquid water path -
LWP at given CTT) in the same geographical region, but
also the dusty mixed-phase mid-level stratiform clouds
have larger layer maximum radar reflectivity (which in-
dicate higher ice particle concentration) compared with
that of the non-dusty case at given CTT and layer maxi-
mum TAB. Our studies also showed that there was obvi-
ous drizzle suppression for dusty warm stratiform clouds
compared with that of the non-dusty warm stratiform
clouds at give CTT and layer maximum TAB in the same
geographical region.

1. INTRODUCTION

Dust is one of the major sources for atmospheric aerosols
and plays an important role in the Earth’s radiation bud-
get [Tegen et al., 1996], directly by scattering and ab-
sorbing solar and Earth infrared radiation and indirectly
by modifying cloud properties through acting as cloud
condensation nuclei (CCN) or ice nuclei (IN). Heteroge-
neous ice generation in atmospheric clouds is still poorly
understood and parameterized because of the largely un-
known properties of ice nuclei (IN). Although dust par-
ticles are widely regarded as effective IN and are able
to initiate ice nucleation at relatively warm temperatures
and dry environments from both laboratory experiments
[Field et al., 2006; Koehler et al., 2007] and field obser-
vations [Sassen, 2002, 2005; DeMott et al., 2003; Sassen
et al., 2003; Toon, 2003], there still are large uncertainties
on its effectiveness as IN at relatively warm temperature
as highlighted by recent field observations. For example,
Ansmann et al. (2008) presented results from lidar mea-
surements in dust region showing that no ice formation
were observed with cloud top temperatures of -8 0C to
-18 0C. Long term observations will provide more reli-
able information on dust impacts on supercooled strati-
form clouds. On the other hand, large dust particle that
coated with small fraction of soluble material can act as

effective cloud condensation nuclei (CCN), and suppress
warm precipitation [Rosenfeld et al., 2001; Min et al.,
2009].

CALIPSO lidar and CloudSat radar measurements pro-
vide unique datasets for studying dust impacts on strati-
form clouds. The Cloud - Aerosol lidar with Orthogonal
Polarization (CALIOP) lidar on CALIPSO satellite is ca-
pable of detecting dense dust layers and cloud tops, while
CloudSat CPR radar are used to detect the appearance of
ice particles in/below the stratiform clouds. Combined
CALIPSO/CloudSat measurements provide useful infor-
mation of dust impacts on the stratiform cloud properties,
especially the ice particle and hydrometeor appearance
in/below the stratiform clouds. In this study, two years
combined CALIPSO/CloudSat (from June 2006 to May
2008) measurements were used to investigate the impacts
of dust on stratiform clouds.

2. IDENTIFICATION OF DUSTY STRAT-
IFORM CLOUDS FROM COMBINED
CALIPSO/CLOUDSAT MEASUREMENTS

Figure 1: An example of identified dusty mid-level stratiform
clouds. Plots from top to bottom are identified dust layers and
mid-level stratiform clouds, CALIOP 532nm TAB, CALIOP
532nm depolarization, CloudSat CPR radar reflectivity sepa-
rately .

The CALIOP on CALIPSO satellite is the first space-
borne polarization lidar, providing backscattering coeffi-
cient at 532 nm and 1064 nm, and also linear depolariza-
tion measurements at 532 nm [Winker et al., 2003, 2007].
The vertical and horizontal resolutions of the CALIOP
are 30 and 333 m below 8.2 km, and 60 and 1000 m be-
tween 8.2 and 20.2 km, respectively. CloudSat carried the
first space-borne cloud radar - a 94.05 GHz Cloud Profil-
ing Radar (CPR) with sensitivity of -30 dBZ [Stephens
et al., 2002, 2008]. The CPR measurements provide radar



reflectivity (Ze) profiles with a vertical resolution of 240
m and a footprint of 1.4 km 1.8 km (cross- and along-
track). The formation flying of CloudSat and CALIPSO
ensures that the CALIOP footprint overlaps with the CPR
footprint more than 90% of the time [Stephens et al.,
2008]. The CloudSat and CALIPSO measurements were
then collocated by averaging CALIOP profiles within a
given CPR footprint.

Zhang et al., [2010] developed algorithms to iden-
tify mid-level liquid layer topped stratiform clouds
(MLTSC) from collocated CALIPSO/CloudSat measure-
ments. Strong lidar backscattering at the top and strong
attenuation of lidar signal at 532 nm after the peak in-
dicates the existence of liquid layer at the top; while
the horizontal cloud top variations were used identify
stratiform clouds. In addition, radar measurements were
used to exclude strong precipitation cases. Identify-
ing dust layer for cloud free granules from collocated
CALIPSO/CloudSat measurements were developed by
Liu et al., [2008]. Dust layer is detected if the layer
integrated TAB and depolarization at 532 nm are larger
than pre-selected thresholds (detailed in Liu et al., 2008).
Since the signal to noise ratio is pretty low, and thus the
depolarization ratio is much noisy during daytime mea-
surements, only night time measurements were used to
identify dusty layers in this study. Since CALIPSO li-
dar generally are not able to penetrate the liquid layer
at the top of stratiform cloud to provide depolarization
ratio for detecting dusty layer below the cloud, we de-
fined dusty stratiform clouds as stratiform clouds with
dusty layer closely on one or both sides. To be sim-
ple, we only consider the single layer cloud cases to
avoid seeding from the upper level clouds. Fig 1 shows
a case of identified dusty stratiform clouds from collo-
cated CALIPSO/CloudSat measurements. Plots from top
to bottom in Fig 1 are identified dust layers and stratiform
clouds, CALIOP 532nm TAB, CALIOP 532nm depolar-
ization, and CloudSat CPR radar reflectivity separately.
Obvious ice particle appearances were observed below
the liquid water layer from the radar measurements in
fig 1.

3. DUST IMPACTS ON ICE GENERATION IN
SUPERCOOLED MLTSCS

Figure 2: The global distribution of dusty mid-level stratiform
clouds. The distribution is separated into four regions to inves-
tigate the regional variations.

Collocated CALIPSO/CloudSat measurements provide
good opportunity to study dust impacts on ice generation
in mid-level stratiform clouds in a global scale. Fig 2
shows the global distribution of dusty mid-level strati-
form clouds in a 2.50 × 2.50 box identified from collo-
cated CALIPSO/CloudSat measurements. From the fig-
ure, the dusty mid-level stratiform clouds are mainly lo-
cated over the northern Africa and Saudi Arabian regions,
and also northern China regions. Dust particles in def-
erent regions may have different ice nucleating abilities.
Therefore, to study the dust impacts on ice generation
in mid-level stratiform clouds in different geological re-
gions, the global dusty mid-level stratiform cloud distri-
bution is separated into four small regions as labeled in
Fig 1. Region 1 is from west coast of northern Africa
to deep Atlantic Ocean. Dust particles in this region are
generally far from the source region, and may interact
with sea salt, which will reduce its ability to act as effec-
tive IN as suggested by previous studies [Archuleta et al.,
2005]. Dust particles in region 2 and region 3 are close to
the source regions. While dusty particles in regions 4 are
also far from the source regions, and interact with eastern
Asian pollutant aerosols, which may change its ability to
act as effective IN.

Figure 3: Supercooled stratiform clouds occurrence as a func-
tion of CTT and layer maximum radar reflectivity (Ze max)
for dusty and non-dusty cases at a narrow lidar TAB range of
0.37-0.51 km−1 sr−1 (a, b); c) mixed-phase stratiform cloud
fractions and d) mean Ze max at each CTT for dusty and non-
dusty MLTSCs.

The liquid water path (LWP) has a great impact on the ice
generation in supercooled stratiform clouds. To isolate
the dust impacts on ice generation in supercooled strati-
form clouds, we compare ice generation in supercooled
stratiform clouds for dusty and nod-dusty cases under
similar meteorological conditions, i.e., the clouds have
similar LWP and CTT. However, the collocated MODIS
data only provide day time LWP measurements. Since
the max lidar TAB at the cloud top has a positive correla-



tion with LWP at given CTT, we used max lidar TAB as a
substitute of cloud LWP. To ensure enough data points,
we choose a narrow lidar TAB range around the lidar
TAB peak distribution of dusty MLTSCs (0.37 - 0.51
km−1sr−1). The dust impacts on ice generation in su-
percooled stratiform clouds are shown in fig 3. Fig 3
a) and b) are the supercooled stratiform clouds occur-
rences as a function of CTT and Ze max for dusty and
non-dusty cases at a narrow lidar TAB range of 0.37 -
0.51 km−1sr−1. From fig 3 we can seet that dusty su-
percooled stratiform clouds are fully glaciated at about
-200C, and generally have larger portion at the large
Ze max, which indicates that dusty supercooled strat-
iform cloud are more likely to produce ice particles.
This is also seen in Fig 3c, the dusty cases have larger
mixed-phase fraction at each temperature colder than -
60C. From Fig 3d, the dusty mixed-phase stratiform
clouds also have larger mean Ze max at each CTT. At
given CTT and similar max lidar TAB, the ice particle
growth is similar in supercooled stratiform clouds. Thus
larger mean Ze max for dusty mixed-phase stratiform
clouds indicates that they have higher ice particle concen-
trations. This is consistent with field experiments which
showed strong IN enhancement when dust storms passing
over [DeMott et al., 2003].

Figure 4: Regional dependence of dust impact on ice generating
in mixed-phase MLTSCs (TAB within 0.37-0.51 km−1sr−1) in
terms of Mean Ze max and IWP.

Dusty particles that originated in different regions may
exhibit different ice nucleating abilities. Fig 4 shows the
regional dependence of dust impact on ice generation in
mixed-phase stratiform clouds for max lidar TAB within
0.37-0.51 km−1sr−1. For all the four regions, dusty
mixed-phase stratiform clouds have larger mean Ze max
and IWP at each CTT. Mixed-phase MLTSCs in Region
1 have the smallest mean Ze max and IWP at each CTT,
while the largest mean Ze max and IWP in region 4.
There are multiple mechanisms possible to explain this,
such as different dust number concentrations, different
chemical components, and thus different ice nucleating
abilities. More detailed works are needed to confirm the
statements.

Figure 5: Global distribution of dusty warm stratiform clouds.

4. DUST SUPPRESSION OF DRIZZLE FORMA-
TION IN WARM STRATIFORM CLOUDS

Aerosol indirect effect still represents the greatest uncer-
tainty of model forecasts of climate change [IPCC, 2007].
Dust as one of the major aerosol sources has the poten-
tial to impact global cloud and precipitation processes.
Model simulations predict that dust particles coated with
sulfate when passed over the polluted regions can act as
giant CCN, which will then enhance the collision and
coalescence between droplets and therefore increase the
warm precipitation [Teller and Levin, 2006]. However,
observations from satellite measurements and field cam-
paign suggested that dust suppress warm precipitation by
changing the CCN concentration. Similar as in section 3,
dust layer and warm stratiform clouds were also identi-
fied to study the dusty impacts on the drizzle formation
in warm stratiform clouds. Fig 5 shows the global dis-
tribution of dusty warm stratiform clouds. It is clearly
that the dusty warm stratiform clouds mainly located over
the coast of northern Africa and Saudi Arabia. Again, to
study the regional differences, we separated the distribu-
tion into three small regions as labeled in Fig 5.

Figure 6: Warm stratiform clouds occurrence as a function of
CTT and Ze max and mean drizzle fraction (Ze > -15 dBZ)
for dusty and non-dusty cases with TAB within range of 0.27-
0.39 km−1sr−1.

To ensure enough data points and similar LWPs, we
choose a narrow TAB range around the max lidar TAB
peak distribution of dusty warm stratiform clouds (0.27
- 0.39 km−1sr−1). Drizzle appearance in warm strat-
iform clouds will dominate the radar reflectivity signal.
Threshold of - 15dBZ were widely used to discriminates
between drizzling and nondrizzling warm clouds [Kubar
et al., 2009]. Fig 6 shows the warm stratiform clouds oc-
currence as a function of CTT and Ze max and the mean
drizzle fraction for dusty and non-dusty cases. Obviously



that dusty warm stratiform clouds have less portion of
larger Ze max, and smaller drizzle fraction than than of
non-dusty cases at each CTT. The regional differences of
dust impact on drizzle formation are shown Fig 7. For
all the three small regions, dusty warm stratiform clouds
have smaller drizzle fractions. One exception is that in
the region 1 which is over the west coast of northern
Africa, the drizzle fraction differences between dusty and
non-dusty warm stratiform clouds are much smaller than
that over the other two regions.

Figure 7: Mean drizzle fractions at each CTT for dusty and
non-dusty over three different regions at a narrow TAB range of
0.27-0.39 km−1sr−1.

5. CONCLUSIONS

In this study, two years collocated CALIPSO/CloudSat
measurements were investigated to study the dust impact
on ice generation in supercooled stratiform clouds and
drizzle formation in warm stratiform clouds, and their
regional differences. Dusty mid-level stratiform clouds
not only have higher mixed-phase fraction but also have
larger layer maximum radar reflectivity than non-dusty
similar cases at given CTT (colder than -60C) in the same
geographical region. Dust particles originated from dif-
ferent source regions also showed different ice nucleation
abilities. Dusty warm stratiform clouds have smaller driz-
zle fraction than that of non-dusty case under similar con-
dition, which indicate that dust particles can noticeably
suppress drizzle formation in warm stratiform clouds.
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