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aerosol properties and aerosol height (Vaughan et al., 2009;
Vernier et al., 2009). A comparative study on the retrieved
vertical distribution of dust radiative heating rate over western Africa from aircraft lidar observations and CALIPSO
revealed that the dust radiative heating rate derived from
CALIPSO is in fair agreement with that derived from lidar
observations (Lemaı̂tre et al., 2010). Recently, Gautam et al.
(2011) estimated surface aerosol forcing using aerosol properties from combined observations of the AERONET and
CALIPSO over the Indo-Gangetic Plain, which is known for
high abundance of anthropogenic aerosols in India.
Dust is one of the major absorbing aerosols produced naturally by strong winds over arid regions. It is found to travel
thousands of miles from the source regions, like from the Sahara to the Atlantic Ocean (Generoso et al., 2008) and the
eastern Mediterranean (Kaskaoutis et al., 2008; Kosmopoulos et al., 2008), from the Gobi Desert to Taiwan (Nee et al.,
2007; Wang et al., 2004) and further over the Pacific, etc. The
absorbing feature of dust is characterized by the single scattering albedo (SSA), with low SSA representing high absorption and vice versa. Ground-based studies of the dust coming from the Sahara Desert reported that SSA is in the range
0.95–0.99 at 0.55 µm, representing low absorption (Haywood
et al., 2003). Earlier, Kaufman et al. (2001) also found a similar value (0.97) of SSA for the Saharan dust using satellite observations. However, SSA of dust can be reduced significantly, indicating high absorbing nature if mixed with
other absorbing aerosols. SSA for dust particles mixed with
aerosols coming from biomass burning is reported to be as
low as 0.78 (Hess et al., 1998). A separate ground-based observation on the transported yellow dust from the Chinese
desert to Japan reported that SSA of the dust is about 0.91
near the source and becomes as low as 0.80 after mixing with
black carbon (BC) over urban region (Uchiyama et al., 2005).
SSA for dust particles originating from the Thar Desert is reported to be around 0.95 near the source, but 0.90 when they
are transported to central India, and in the process they are
coated by BC aerosols (Chandra et al., 2004). It has been
shown that SSA can be reduced to below 0.90 for the elevated dust-dominated layer over the Indo-Gangetic Plain,
and further suggested that the associated enhanced solar absorption may amplify the regional climate warming (Gautam et al., 2010, 2009). In the past, Indian Ocean Experiment
(INDOEX), ship cruise observations showed that a mixture
of BC and dust aerosols, commonly known as atmospheric
haze, have a lower SSA in the range 0.8–0.9 and can produce
larger forcing than the global mean value (Podgorny and Ramanathan, 2001; Krishnan and Ramanathan, 2002). Using
unmanned aircraft observations, Ramanathan et al. (2007)
estimated the rate of heating by these absorbing aerosols in
the lower atmospheric layer (0.5 to 3 km) and found the heating rate to be up to 0.7 (±0.3) K day−1 . Another work on
African desert dust revealed the radiative heating rate to be
in between 1.5 to 4 K day−1 (Lemaı̂tre et al., 2010). Such
a high aerosol heating can significantly reduce rainfall and
Ann. Geophys., 31, 647–663, 2013

effectively spins down the hydrological cycle by decreasing
the monsoon intensity (Ackerman et al., 2000; Ramanathan
et al., 2001; Solmon et al., 2008).
In the present study we investigate the vertical distribution of radiative forcing and heating rate with a high resolution of 100 m due to a layer of transported dust (LTD)
over Gadanki (13.5◦ N, 79.2◦ E), a tropical station in southern India during May, the period just before the arrival of the
Indian southwest monsoon. The dust originates in the Thar
Desert during dust storms, particularly in the spring and the
summer seasons (February–May), and strong winds transport the dust aerosols to other parts of the country, such as
the Indo-Gangetic Plain and southern India (Dey et al., 2004;
Badarinath et al., 2007, 2010). The current study identifies a
layer of this transported dust over southern India using the
space-borne lidar, Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard CALIPSO. The novelty of the
present work is the use of vertical profiles of in situ temperature and relative humidity from balloon-borne GPS radiosonde measurements in the calculations of radiative effects to investigate the dust radiative forcing and heating rate.
In the present study, profile of dust heating rate has been estimated with high vertical resolution (100 m) using a combination of multi-satellite retrieved aerosol optical and physical
properties and measured profiles of meteorological parameters over an Indian tropical station.

2
2.1

Database and analysis procedure
Optical and physical properties of aerosols from
satellites

Optical and physical properties of aerosols, such as AOD,
the Ångstrom exponent, Aerosol Index (AI) and SSA are obtained from the MODIS onboard Aqua (Remer et al., 2002),
the Ozone Monitoring Instrument (OMI) onboard Aura (Torres et al., 2007), and the Multi-angle Imaging SpectroRadiometer (MISR) onboard Terra (Diner et al., 2008). A list of
instruments used in the present study with their resolutions
and accuracies is given in Table 1, and a brief description
about these space-borne sensors is given below.
MODIS provides a global image of retrieved aerosol
parameters including AOD, the Ångstrom exponent, and
fine mode fraction. The MODIS sensor, onboard the polarorbiting NASA-EOS Aqua spacecraft crossing over the equator at 13:30 local solar time (Levy et al., 2007), continuously scans the globe in 36 channels in the spectral range
from 0.41 to 14.4 µm, with three spatial resolutions, viz.
250 m (2 channels), 500 m (5 channels) and 1 km (29 channels). Aerosol parameters from MODIS observations are retrieved over land and oceanic surfaces using separate algorithms and eight of these channels (0.47–2.13 µm) (Kaufman et al., 1997; Hsu et al., 2004; Remer et al., 2005). In
the present study, AOD and Ångstrom exponent with 1◦ × 1◦
www.ann-geophys.net/31/647/2013/
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Table 1. Details of the instruments used in the present study.
Parameter
Aerosol optical depth
Aerosol index
Extinction coefficients,
Depolarization ratio,
Ångstrom exponent
Single-scattering albedo
Meteorological parameters

Instrument

Onboard

Resolution

Accuracy

MODIS
OMI

AQUA
AURA

1◦ × 1◦
0.25◦ × 0.25◦

±0.05 ± 0.15× AODa
–

CALIOP

CALIPSO

MISR
Radiosonde

TERRA
Balloon

30 m (ver)
&
1/3 km (hoz)
17.6 km × 17.6 km
10 m

–
±0.02b
0.5 m s−1 , 0.5 ◦ C, 5 %c

a Remer et al. (2002); b Kalashnikova and Kahn (2006); c Nath et al. (2009)

grid resolution are obtained from level 3 data corresponding
to collection 5 (C005) over southern India.
OMI onboard the Finnish–Dutch AURA satellite, crossing
the equator at 13:38 local solar time, provides UV AI data retrieved from the upwelling radiance at TOA in the ultraviolet
and visible (0.270–0.500 µm) regions of the solar spectrum.
The OMI near-UV aerosol algorithm uses the measurements
made at two wavelengths (0.354 and 0.388 µm) in the UV
region to take advantage of the large sensitivity of the upwelling radiances to aerosol absorption in this spectral range
(Torres et al., 1998, 2007). Thus, the hot spot regions of AI
represent the source regions of UV absorbing aerosols like
desert dust or biomass burning aerosols (Torres et al., 1998;
Eck et al., 2001; Torres et al., 2007). Over arid and semi-arid
regions, AI represents proportional amount of dust aerosols
(Torres et al., 2007) and used to identify the source and the
spatial extent of dust storm events (Kaskaoutis et al., 2008;
Badarinath et al., 2010; Das et al., 2011, etc). The combination of MODIS and OMI observations can be effectively
used to identify the presence of dust loading (Kaskaoutis
et al., 2008). In the present study the OMI-AI Level 3 globalgridded product (0.25◦ × 0.25◦ spatial resolution) along with
MODIS-derived AOD is used to detect the dust aerosols
over the source region, the Thar Desert, and transported dust
plume over the downwind region, southern India.
MISR onboard the NASA-EOS Terra spacecraft, which is
in a sun-synchronous orbit and crosses the equator at 10:30
local solar time, provides aerosol optical and physical properties. It is a push broom imaging instrument operating at four
spectral bands centered at 0.446, 0.558, 0.672, and 0.867 µm
in each of its nine separate cameras oriented along the orbital
track with surface viewing zenith angles in the range ±70.5◦
(Diner et al., 2008). It covers an about 400 km swath, providing a global image of aerosol properties. MISR Aerosol
retrievals can provide aerosol products at 17.6 km × 17.6 km
spatial resolution (Martonchik et al., 2002). In the present
study, SSA is obtained from the MISR Level 2 product
with a spatial resolution of 0.5◦ × 0.5◦ . Earlier studies show
that SSA obtained from MISR has a good correlation with
ground-based observations (Kalashnikova and Kahn, 2006;
Chen et al., 2008; Kahn et al., 2010) and is also used to esti-

www.ann-geophys.net/31/647/2013/

mate aerosol radiative forcing over land (Chen et al., 2009),
which provides enough confidence to use SSA-MISR in the
present study for the calculation of dust radiative effects.
Dominance of non-spherical dust particles can underestimate
SSA. Including non-spherical particles in MISR aerosol retrieval algorithm helps to retrieve SSA with more accuracy
during the dust events. MISR-SSA is found to be in good
agreement (±0.02) with SSA derived from AERONET observations (Kalashnikova and Kahn, 2006).
Vertical information of aerosol extinction coefficients and
depolarization ratio are obtained from CALIOP onboard
CALIPSO (Hu et al., 2007; Vaughan et al., 2009). CALIPSO
passes over the equator at 13:31 local solar time, one minute
behind Aqua. The space-borne lidar, CALIOP, observes
aerosol loading at 0.532 µm vertically as well as horizontally with high spatial resolution along the satellite track.
From the surface to 8 km, the vertical resolution is 30 m and
the nominal horizontal resolution is 1/3 km. CALIOP measures the total backscattered signal at two wavelengths (0.532
and 1.064 µm), and perpendicularly polarized backscattered
signal at 0.532 µm. The backscattered signals are converted
to an extinction profile using the algorithm described in
Vaughan et al. (2009). CALIPSO also provides the profile of
depolarization ratio retrieved from perpendicularly polarized
back scattered signals at 0.532 µm (Vaughan et al., 2005).
Depolarization ratio is a good parameter to identify the elevated dust aerosol. Earlier studies identified the dust layer
having depolarization ratio greater than 0.2 (Nee et al., 2007;
Omar et al., 2009; Guan et al., 2010). The vertical distribution of the Ångstrom exponent is calculated using the extinction values at the two wavelengths, and this parameter can
give the information about the vertical distribution of aerosol
size. CALIPSO level 2 Vertical Feature Mask (VFM) products provide vertical mapping of the locations of aerosols
and clouds together with information about the types of each
layer, and the discrimination between aerosols and clouds is
expected to be good in these products (Vernier et al., 2009;
Badarinath et al., 2010; Niranjan et al., 2012).
The quasi-simultaneity of the combined observations
of the Aqua, CALIPSO and Aura satellites flying within
eight minutes on the A-train platform makes it possible to

Ann. Geophys., 31, 647–663, 2013
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Table 2. Physical and optical properties of the dust layer observed over Gadanki, and its radiative forcing and heating rate in the atmosphere.
Date

Dust layer
height
(km)

Dust layer
thickness
(km)

Dust layer
optical thickness

Depolarization
ratio

Radiative
forcing
(W m−2 )

Heating
rate
(K day−1 )

2 May 2007
4 May 2007
9 May 2007
11 May 2007
14 May 2007
16 May 2007
18 May 2007
20 May 2007
23 May 2007
27 May 2007

2.0
1.8
2.0
4.0
2.5
2.8
3.0
2.5
2.2
1.8

3.8
1.4
3.4
4.1
2.0
1.4
4.5
3.5
2.8
2.2

0.22
0.10
0.14
0.31
0.16
0.14
0.12
0.19
0.25
0.15

0.26
0.21
0.20
0.50
0.32
0.34
0.23
0.25
0.30
0.20

12
9
10
18
10
11
8
14
15
8

0.7
0.2
0.4
1.0
0.7
0.4
0.3
0.8
0.8
0.7

Average

2.5 ± 0.7

2.9 ± 1.1

0.18 ± 0.06

0.28 ± 0.09

11.5 ± 3.3

0.60 ± 0.26

investigate an aerosol system with full closure. In the present
study, dust aerosols transported from the Thar Desert to
southern India are investigated using the MODIS-Aqua and
OMI-Aura observations. The dust layer at higher altitude (2–
6 km) is identified over southern India from the vertical distribution of depolarization ratio, with values greater than 0.2
and corresponding to a relatively high extinction coefficient
and a low Ångstrom exponent. Though all these data are
available globally, we have focused our analysis on a grid
point centered over Gadanki since over this location various
collocated and routine in situ observations of meteorological
parameters using balloon-borne radiosondes are available. In
addition, Gadanki is a remote rural place about 30 km to the
east of the temple city, Tirupati (13.65◦ N, 79.42◦ E), which
makes this region relatively clean. The identification of the
dust layer over cleaner regions is easier as the boundary layer
aerosols are less absorbing. Although dust storms occurring
over the Thar Desert in western India are quite common,
particularly during February to May, we restrict our analysis to the month of May as huge amount of biomass burning in the agricultural fields takes place in the surrounding
areas of Gadanki during March and April, which may obscure dust signals. Careful inspection of multi-satellite observations shows optically thick dust layers over Gadanki during
ten days in May 2007 (listed in Table 2).
2.2

Meteorological parameters

The radiative effects of the dust layer are calculated using the meteorological parameters at Gadanki from the in
situ measurements. Meteorological parameters are analyzed
over the Indian subcontinent using European Centre for
Medium-Range Weather Forecasts (ECMWF) data. In the
present study, daily measured profiles of high-resolution
GPS radiosonde meteorological data over Gadanki are also
included. These meteorological parameters are measured
regularly over Gadanki every day usually at 12:00 UT
Ann. Geophys., 31, 647–663, 2013

(LT = UT + 05:30 h). The vertical resolution of these parameters is 10 m, and the measured horizontal wind, temperature
and relative humidity (RH) are measured with an accuracy of
0.5 m s−1 , 0.5 ◦ C and 5 %, respectively. More details about
the instrument and the accuracy of the measurements are described by Nath et al. (2009).
Spatial distribution of wind pattern, temperature and RH at
800 mb pressure level obtained from ECMWF data and profiles of wind speed and direction, temperature and RH during
three typical dusty days are shown in Fig. 1. Meteorological parameters at 12:00 UT during 14, 16 and 18 May 2007
are shown in Fig. 1 panels (a, b, c), (d, e, f) and (g, h, i),
respectively. In Fig. 1a, d, g, shaded colors represent spatial distribution of RH, arrows are for wind direction and
speed, and line contours show the temperature distribution
at 800 mb pressure level (about 2.2 km altitude). This altitude is found to be the place of existence of the optically
thick transported dust layer over southern India (discussed in
Sect. 3.2). The star represents the location of Gadanki, where
daily radiosonde measurements are carried out. In Fig. 1a, d,
g, a very low RH of less than 20 % with high temperature of
more than 22 ◦ C is found over the Thar Desert during all the
dusty days. A narrow region of low RH with high temperature (> 18 ◦ C) is also clearly observed connected from this
hot dry arid region to the east coast region of southern India.
This region also experiences strong wind coming from arid
regions. However, wind on 16 May 2007 becomes weaker
than that on 14 and 18 May 2007. Interestingly, Gadanki is
located within this narrow region. Therefore, it is clearly noticed from ECMWF data that hot dry air comes from the Thar
Desert to Gadanki during these dusty days, which favor the
transport of dust from the Thar Desert.
Figure 1, panels (b, c), (e, f) and (h, i) show the wind,
RH and temperature profiles obtained from radiosonde measurements at Gadanki on 14, 16 and 18 May 2007, respectively. In Fig. 1b, e, f the dashed lines represent the wind

www.ann-geophys.net/31/647/2013/
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Fig. 1. Meteorological parameters observed on the three typical dusty days – 14, 16, and 18 May 2007 in panels (a), (b), and (c), (d), (e),
and (f), and (g), (h), (i), respectively. The spatial distribution of wind, temperature and relative humidity (RH) at 800 mb pressure level are
shown at 12:00 UT in (a), (d), (g). Arrows represent wind pattern, the shaded colors and contour lines are for spatial distribution of RH and
temperature, respectively. “Thar” shows the arid region of the Thar Desert and the star represents the location of Gadanki, where radiosonde
measurements are carried out. (b), (c), (d), (f) and (h), (i) show the profiles of wind parameters, temperature (black boxes), and RH (blue
circles) obtained from radiosonde measurements on 14, 16, and 18 May 2007. In (b), (e), (h), dashed lines show wind speed and arrows
indicate wind direction. The upward-pointing arrow indicates north and the one 90 degrees clockwise shows east.

speed and arrows indicate the wind direction. The upwardpointing arrow indicates north and the one 90 degrees clockwise shows east. A westerly wind is observed throughout the
observation period. However, there is a strong variation in
wind speed with altitude. On 14 May 2007, wind speed increased from surface to 3 km, while on 16 May 2007, wind
speed decreased for the first 3 km and thereafter increased
for the next 3 km. However, on 18 May 2007, wind speed
was 8 m s−1 above 1 km and remained nearly the same up
to 5 km. The temperature and RH profiles also show significant day to day variation in the Fig. 1c, f, i. The surface
temperature is observed to be below 30 ◦ C on 14 May 2007
and higher than 30 ◦ C on 16 and 18 May 2007. The average
temperature within the atmosphere below 3 km is observed
to be warmer by 2–4 ◦ C on 16 and 18 May 2007. The RH
profiles also show interesting features. On 14 May 2007, RH
is almost constant at about 50 % within 6 km above ground.
However, on 16 and 18 May 2007, RH is lower than 50 %
below 3 km and about 80 % above 3 km. These observations
show that on 16 and 18 May 2007, the atmosphere within

www.ann-geophys.net/31/647/2013/

3 km from the surface was drier and warmer, which provides
suitable conditions for sustenance of the dust layer.
3
3.1

Observation results
Identification of source region

AI is a good parameter to identify the source of dust, mainly
over continental regions, because it is a quantitative representation of absorption of aerosols in the UV region (Torres et al., 2007). Though biomass burning aerosols also have
large absorption in the UV region, the confidence regarding
the existence of dust in the arid atmosphere is significantly
higher. Therefore, the hot spot regions of AI over arid regions
are considered as a source of dust (Generoso et al., 2008;
Kaskaoutis et al., 2008) and the progress of the hot spot region with consistently high AOD obtained from successive
satellite images provides information about the progress of
the transported dust over downwind regions.
In this paper the spatial distribution of AI and AOD during
the dusty days – 14, 16 and 18 May 2007 – are shown in the
Ann. Geophys., 31, 647–663, 2013
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Fig. 2. Spatial distribution of OMI-AI (top) and MODIS-AOD (bottom) observed on 14, 16, and 18 May 2007. The solid lines in the top row
show the five days air back trajectories at initial heights of 4 km (red) and 5 km (blue). The star denotes the location of Gadanki. The white
patches over southern India and oceanic region in MODIS images are due to the presence of clouds.

top and bottom rows of Fig. 2, respectively. On all the three
days, a hot spot region in AI is found over the Thar Desert,
which is the source of dust aerosols. On 14 and 16 May 2007,
a high AI value of 2.5 is connecting this hot spot region to
the Bay of Bengal (BoB) via a narrow region through central
India. This narrow high AI region is situated very near to the
observational site, Gadanki, marked by a star in the figure.
On 18 May 2007 the narrow region of high AI connecting the
Thar Desert and BoB is less prominent. Similarly, on these
three days, AOD is also high (around 1) over the Thar Desert
and is following a similar pattern of spatial distribution, as
can be seen in the figure. AOD over Gadanki is also found
to be at a level of about 0.3, 0.28 and 0.24 on 14, 16 and
18 May 2007, respectively. This high AOD over Gadanki is
due to a layer of dust aerosols present at an altitude of 2.5 km
and thickness of 1.5 km (discussed in the next section).
For further confirmation of identification of source of the
dust over Gadanki, five days air back trajectories are computed using Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (Draxler and Hess, 1998) with
initial height of 4 km (red) and 5 km (blue) altitude, and are
shown in the top panels. These back trajectories are indicating the Thar Desert as the source of dust over Gadanki. More
interestingly, the path of the back trajectories also matches
with regions of high AI and high AOD starting from the Thar

Ann. Geophys., 31, 647–663, 2013

Desert to BoB. This is a clear indication of the transportation
of dust from the Thar Desert to BoB via southern India.
3.2

Vertical distribution of aerosol properties

Vertical distribution of aerosol extinction coefficient at 0.532
and 1.064 µm and depolarization ratio at 0.532 µm are obtained from CALIPSO level 2 data. Vertical distribution of
Ångstrom exponent is calculated from extinction coefficients
at these two wavelengths. The value of extinction coefficient
depends on the total aerosol loading, whereas depolarization
ratio and Ångstrom exponent values depend on the irregularities in particle shape and size, respectively. Depolarization ratio will be high for a particle of irregular shape such as
dust, and close to zero for spherical particles like liquid cloud
droplets (Murayama et al., 1999, 2001; Hu et al., 2009; Omar
et al., 2009; Guan et al., 2010). Earlier ground-based and aircraft experiments reported that the depolarization ratio is as
high as 0.97 for freshly generated dust particles and can decrease to 0.2 for aged dust particles externally mixed with
pollutant (Murayama et al., 2001; Gobbi et al., 2004; Nee
et al., 2007; de Villiers et al., 2010). The dust over the Thar
Desert is highly irregular in shape as seen in scanning electron microscope (SEM) images (Mishra and Tripathi, 2008)
and found to have a depolarization ratio as high as 1.0 in
CALIPSO observations. Following the earlier works, we thus
www.ann-geophys.net/31/647/2013/
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Fig. 3. Vertical distribution of (a) aerosol extinction coefficient at 0.532 µm, (b) total backscattered signal, (c) depolarization ratio, and
(d) aerosol type assessment along the overpass trajectory are shown on 16 May 2007. The topography of the Indian Peninsula is shown in the
inset and the solid line represents the CALIPSO overpass trajectory. The star shows the location of Gadanki. The dashed rectangular boxes
represent the area of interest with the center closest to Gadanki.

www.ann-geophys.net/31/647/2013/
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Fig. 4. Profiles of aerosol extinction coefficient, Ångstrom exponent and depolarization ratio obtained from CALIPSO on 14, 16 and
18 May 2007 over Gadanki. Shaded regions represent the optically thick dust layers. The horizontal lines show the peak of depolarization ratio indicating the fine layers of embedded pollutant aerosols (yellow lines) on 14 and 18 May, and layers of concentrated dust (green
lines) on 16 May. See text for more details.

set a threshold depolarization ratio value of 0.2 for the layer
of aerosols to be considered as a dust layer.
Typical vertical distribution of aerosol optical properties obtained from CALIPSO observations passing over the
Thar Desert and near Gadanki on 16 May 2007 are shown
in Fig. 3. Aerosol extinction coefficient at 0.532 µm, total
backscattered signal retrieved by CALIOP, depolarization ratio and aerosol type assessment are in the four panels, respectively. The inset in Fig. 3a shows topography of the Indian
Peninsula and the solid line represents the trajectory of the
CALIPSO overpass. The location of the Thar Desert is highlighted and the radiosonde measurement station, Gadanki,
is also marked by a star. The dashed rectangular box in all
the panels represents the study area, keeping Gadanki at its
center. In Fig. 3a, a high extinction coefficient of about 1.0
is found over the Thar Desert and southern India (near the
10◦ N region). The region of interest is located in between
these two high values. A continuous high backscattered signal found from the Thar Desert to the study area in Fig. 3b
indicates the transport of dust from the Thar Desert. The vertical distribution of depolarization ratio in Fig. 3c shows a
high value of about 0.8 over the Thar Desert, indicating dominance of irregular dust particles, lifted up to 6 km. This
high value continues up to the marine region, while lati-
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tudinally, near the surface over southern India, a very low
value (> 0.2) of depolarization ratio is observed, indicating
dominance of relatively spherical aerosols. These spherical
aerosols also have a high extinction coefficient, showing high
absorption properties that mainly differ from the scattering
irregular dust particles. The depolarization ratio is also very
low over the marine region, indicating spherical aerosol, but
their extinction coefficient is relatively lower, indicating scattering properties. These spherical aerosols over marine region are mainly sea salt aerosols. Figure 3d represents the
aerosols type assessment for that day, defined on the basis of
CALIPSO observations, as reported in the literature (Omar
et al., 2009; Yorks et al., 2009). Figure 3d shows that dust
particles (yellow in color) are present from the Thar Desert
to southern India, but are mixed with pollutants (brown in
color) over some regions in southern India. We have seen
from back trajectory analysis that dust over southern India is
transported from the Thar Desert. During the travel period,
dust mixes with pollutants. Over the region of interest both
the dust and mixed dust are noticed. However, the depolarization ratio indicates the irregular dust in the higher altitudes
with fine embedded layers of spherical pollutants. A more
detailed investigation of the vertical distribution of aerosol
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properties is required to identify the fine layers of pollutants
in the thick dust layer and will be taken up at a later stage.
Profiles of the extinction coefficients, the Ångstrom exponent and depolarization ratio on the three days chosen
for investigation are shown in Fig. 4. Profiles over Gadanki
presented in Fig. 4 are the averaged profiles obtained from
CALIPSO within ±0.5◦ of the nearest location of Gadanki
along the satellite track. Distinct dust layers can be seen on
14, 16 and 18 May 2007 between 1.5 and 4 km, as highlighted by the grey shading. The three aerosol parameters –
extinction coefficients, Ångstrom exponent and depolarization ratio – are not uniform within the dust layer and, especially, the depolarization ratio shows alternating maxima
(or peaks) and minima. Such a sublayered structure is not
merely the result of vertical variation in dust concentration.
Each peak may represent a layer with additional aerosols
of different types, depending on the extinction coefficient
and depolarization ratio. For example, on 14 May, there are
three local peaks in the depolarization ratio that are associated with minima in the extinction coefficient (at 1.064 µm),
and vice versa. For a fixed size (and shape) distribution of
dust, a change in dust concentration affects the extinction
coefficient, but no other parameters. Therefore, the coherent variations shown in Fig. 4a cannot be explained solely
by the differences in dust concentration. One likely cause
is the presence of other aerosols. When dust is mixed externally with hygroscopic aerosol particles, which are generally smaller and spherical, the mean depolarization ratio
decreases, whereas the Ångstrom exponent increases. For
purely internal mixing (i.e., all hygroscopic material coated
on dust), dust particles will become larger and more spherical, especially when the hygroscopic materials deliquesce
under high humidity, which also leads to a larger extinction
coefficient (due to enhanced scattering and absorption) and
smaller depolarization ratio. Such a relationship seems to
fit the behavior seen on 14 May. It is found to be same on
18 May also, but with even finer structures, especially the
coherent changes in Ångstrom exponent and depolarization
ratio. This observation suggests that the optically thick dust
layer at high altitudes over tropical India is not only purely
irregular dust layers transported from the Thar Desert, but
also embedded with thin layers of pollutant aerosols. This is
possible during transport of the dust plume over polluted regions. Earlier studies reported a significantly large number of
biomass burning during this period over central India loading biomass burning aerosols into the atmosphere (Kharol
and Badarinath, 2006; Badarinath et al., 2008). The situation is different on 16 May, showing two prominent peaks in
the depolarization ratio that are associated with local maxima in extinction coefficient (marked by the green horizontal
lines). This indicates a vertical variation in mineral dust concentration, but no signature of embedded pollutant aerosols.
The backward trajectories analysis in Fig. 2 suggests that air
parcels on 14 and 18 May travel mostly over land, so it is possible that anthropogenic pollutants at the upwind areas have
www.ann-geophys.net/31/647/2013/
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enough time to enter the free troposphere in stratified fine
layers. On the other hand, air parcels in the 16 May case originated from the Arabian Sea, so their short duration over land
did not permit significant entraining of the boundary layer
pollutants into the dust layer aloft.
In general, the extinction coefficient at 0.532 µm in the
dust layer is around 0.1 km−1 . The Ångstrom exponent in the
dust layer is close to zero and in some cases negative. At the
center of the dust layers, depolarization ratios are high and
close to 0.5, but much less than the value of 1.0 over the Thar
Desert. The height, thickness, extinction coefficient, depolarization ratio, optical thickness and Ångstrom exponent of the
dust layers retrieved from CALIPSO and MODIS on all ten
days of interest are given in Table 2. The average height of
the dust layers is 2.5 ± 0.7 km, the average depolarization
ratio within the dust layers is 0.28 ± 0.09 and the average
optical thickness of the dust layer is 1.8 ± 0.06.

4
4.1

Radiative heating
Implications of aerosol radiative forcing and heating rate

AOD, Ångstrom exponent, SSA and vertical distribution of
aerosol extinction coefficient obtained from a set of multiple satellites are incorporated into the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model to
compute the vertical distribution of aerosol radiative forcing during clear-sky conditions. SBDART, a well recognized
radiative transfer model in the atmospheric research community, was developed by the scientists at the University
of California, Santa Barbara (Ricchiazzi et al., 1998). This
model includes all the important processes that affect the ultraviolet, visible and infrared radiation fields. SBDART provides the radiation fluxes at each layer of the atmosphere. In
the present study, radiation fluxes are calculated under withaerosol and without-aerosol conditions in the shortwave region (0.25–4.0 µm). The daily aerosol radiative forcing is estimated by taking the differences in radiation fluxes of withaerosol and without-aerosol condition at each layer of the atmosphere, running the radiative transfer model for one hour
interval. The atmosphere is defined by using the profile of
atmospheric temperature and RH observed by radiosondes.
The columnar ozone concentration is obtained from OMIAura. The atmosphere is divided into 65 horizontal layers
with thickness around 0.1 km in the lower atmosphere. It is to
be noted that defining fine layers in lower atmosphere is only
possible with the radiosonde measurements and CALIPSO
observations, which is the uniqueness of this study. Radiative forcing is highly sensitive to land surface reflectance.
The surface reflectance is obtained from nadir MODIS-Aqua
16-day level 3 albedo product with a spatial resolution of
1 km. MODIS surface reflectances are provided at seven
wavelengths – namely, 0.47, 0.56, 0.65, 0.86, 1.24, 1.64 and
Ann. Geophys., 31, 647–663, 2013
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2.13 µm. To get the surface reflectance outside this band,
combination of sand, water and vegetation is taken such that
it explains the MODIS observed surface reflectance. Another important input parameter is SSA, and monthly mean
SSA over Gadanki observed using MISR is 0.923. A previous study reported monthly mean SSA over Gadanki during
May to be about 0.92 as obtained from sky radiometer observations (Gadhavi and Jayaraman, 2010). Since local activity also may perturb the estimated forcings, NOAA interpolated outgoing long-wave radiation (OLR) are also used,
along with CALIPSO observations, to make sure that there
was no disturbance in and around the observational site on
all the days of interest.
Average aerosol radiative forcings of all dusty days are
found to be −3, −23 and 20 W m−2 at TOA, surface and
within the atmosphere, respectively, over Gadanki, whereas
they are −2, −13 and 11 W m−2 , respectively, during nondusty cloud-free days, which are considered as normal days.
Gadhavi and Jayaraman (2010), using ground-based measurement of AOD as an input, estimated radiative forcing
for the month of May over Gadanki to be −4, −24 and
20 W m−2 at TOA, surface and within the atmosphere, respectively. Results from the present study closely match with
these earlier results, though the inputs are from satellite
measurements providing confidence in the current study. It
is worth mentioning here that the previous study by Gadhavi and Jayaraman (2010) mainly focused on the effect
of biomass burning on aerosol properties and reported a
decrease in the contribution of soot particles during May
and June, and increasing contribution of coarse mode particles, which may be inferred, based on the present study,
as dust particles. Pandithurai et al. (2008) reported an increase of aerosol radiative forcing of about 80 % (from 60
to 111 W m−2 ) within the atmosphere over Delhi (28.63◦ N,
77.17◦ E) due to transport of dust plume from the Thar
Desert. In the present study over Gadanki also, we have
found similar increase of atmospheric forcing of about 80 %
(from 11 to 20 W m−2 ) due to LTD. This result helps to
conclude that the dust transported from the Thar Desert
causes similar perturbation in the radiation budget over urban regions like Delhi as well as remote tropical regions like
Gadanki in India.
Profiles of aerosol radiative forcing and heating rate during three typical dusty days over Gadanki are shown in Fig. 4.
Aerosol radiative forcing and heating rate on a normal day,
25 May 2007 (a non-dusty day), is also plotted for reference. It can be seen that there is a redistribution of the vertical distribution of aerosol radiative forcing due to the presence of LTD in between 2 to 6 km. And it is highly dependent on the vertical distribution of aerosols and its type. On
14 May 2007, LTD is present at 2.5 km. As a result, LTD
causes a 60 % increase in atmospheric forcing and an about
60 times increase in heating rate within the dust layer. Similar increases are also observed on 16, 18 May and other dusty
days, listed in Table 2.
Ann. Geophys., 31, 647–663, 2013

4.2

Dust-induced heating

The dust optical depth (τdust ) at 0.550 µm is estimated as follows:
R z2
z σC (z)dz
τdust = R z12
× τM ,
(1)
0 σC (z)dz
where z1 and z2 are the lower and upper altitude of the
dust layer, respectively (as shown in Fig. 4), σC (z) is the
vertical profile of the extinction coefficient obtained from
CALIPSO observations, and τM is the total columnar AOD
over Gadanki obtained from MODIS. MODIS-AOD is considered as it represents a relatively bigger region of about
110 km × 110 km. The extinction coefficient is considered
over a region of ±0.5 degree centered at the nearest point
of Gadanki on the CALIPSO overpass trajectories. Note
that CALIPSO measures extinction coefficient at 0.532 µm,
whereas MODIS provides AOD at 0.550 µm. The uncertainty
due to this wavelength mismatch is less than 2 %.
Radiative forcing and heating rate due to the dust layer
are also calculated from the difference of mean values within
the altitudes (where the dust layer is present) during dusty
days and non-dusty days. The diurnal mean dust forcing and
heating rates are given in Table 2. The mean dust radiative
forcing and heating rate are found to be 11.5 ± 3.3 W m−2
and 0.60 ± 0.26 K day−1 , respectively. Forcing and heating
rate depend not only on the amount of dust but also on the
height of the LTD. For example, on 14 May, LTD is present
at 2.5 km with an optical depth of 0.16 exhibiting radiative
forcing of 10 W m−2 ; on 16 May the LTD height increased
to 2.8 km with reduced optical depth of 0.14 showing radiative forcing 11 W m−2 ; on 18 May, the LTD height further
increased to 3 km and optical depth further reduced to 0.12,
exhibiting radiative forcing of 8 W m−2 . A scatter plot of
dust radiative forcing and heating rate are shown in Fig. 6,
as functions of dust optical depth, estimated independently,
and the best fitted surfaces are also shown. The vertical bars
represent the perpendicular distances of points from the fitted surface. The dust forcing and heating rate efficiencies are
found to be 43 W m−2 and 4 K day−1 per optical depth, with
a correlation coefficient of 0.93 and 0.88, although the number of events considered here are relatively few (10 cases).
Average atmospheric forcing for the LTD during
May 2007 is found to be 12 W m−2 (Table 2), while total atmospheric forcing is found to be 20 W m−2 , similar to
that observed by Gadhavi and Jayaraman (2010). Therefore,
it can be concluded that LTD contributes to about 60 % of
the total atmospheric forcing during dusty days. The average heating rate due to LTD is about 0.60 ± 0.26 K day−1 .
A recent long-term study also showed a pronounced tropospheric warming rate of about 0.21 ◦ C per decade over
the Himalayan region, particularly in the western Himalayas
(0.26 ◦ C/decade), possibly amplified due to elevated aerosolinduced solar absorption (Gautam et al., 2009, 2010). Using
unmanned aircraft measurements over the northern Indian
www.ann-geophys.net/31/647/2013/
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Fig. 5. Profiles of aerosol radiative forcing and heating rate within the lower atmosphere with a resolution of 100 m. The solid black line
represents the same on a non-dusty cloud-free day (25 May 2007).

Ocean, Ramanathan et al. (2007) reported aerosol heating
rate of about 0.5–0.8 K day−1 between 2 and 5 km, which
may contribute towards the weakening of the hydrological
cycle, thereby reducing summer monsoon rainfall over India
(Ramanathan et al., 2001). The present study also demonstrates a similar kind of heating in between 2 and 6 km over
the study region due to the transported dust coming from the
Thar Desert during May, which is the month before arrival of
the Indian southwest monsoon, and such a high aerosol heating over southern India can provide information regarding
the reduction of initial rainfall during southwest monsoon,
and may help for better prediction of the Indian monsoon.
www.ann-geophys.net/31/647/2013/

4.3

Radiative effects of the dust layer depending on the
aerosols below

The near surface aerosols also can influence the radiative effects of LTD. Depending upon the type and the amount of
aerosol loading below LTD, the dust radiative forcing and
the heating rate can change significantly. To investigate these
changes, a simulation study has been performed considering
eight different environments below the LTD as follows. They
are (1) no aerosols but the dust layer (A0 ), (2) half of the
ambient aerosol loading (A0.5 ), (3) 1.5 times aerosol loading
(A1.5 ) and equivalent (4) accumulation mode sea salt (SS),
Ann. Geophys., 31, 647–663, 2013
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Fig. 7. Results of simulation study by considering different aerosol
environments below the dust layer. They are (1) no aerosols (A0 ),
(2) half aerosol loading (A0.5 ), (3) 1.5 times aerosol loading (A1.5 ),
and equivalent (4) accumulation mode seasalt (SS), (5) soot (SO),
(6) urban (UR), (7) marine polluted (MP), and (8) marine clean
(MC) aerosols below the dust layer. The vertical bars represent the
differences of radiative forcing (1F ) and heating rate (1H ) of the
dust layer from the ambient condition (14 May 2007). The blue and
red bars indicate the negative forcing or cooling effect and positive
forcing or warming effect, respectively. See text for more details.
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Fig. 6. Scattered plots of dust radiative forcing and heating rate
as functions of altitude and optical depth of the dust layer over
Gadanki. Best fitted surfaces with equation z = a+bx+c/y are also
plotted, where a, b, c are the coefficients. The vertical bars represent
the perpendicular distances from the surface. The dust layer radiative forcing and heating rate efficiency are found to be 43 W m−2
and 4 K day−1 per unit optical depth of the dust layer with correlation coefficients (R) 0.92 and 0.88, respectively.

(5) soot (SO), (6) urban (UR), (7) marine polluted (MP) and,
(8) marine clean (MC) aerosols below LTD. The optical and
physical properties of SS, SO, UR, MP, MC are obtained
from the Optical Properties of Aerosols and Clouds (OPAC)
model (Hess et al., 1998). It is important to note that SS is
assumed to consist of purely scattering aerosols (SSA = 1.0)
and SO consist of purely absorbing aerosols with SSA = 0.2,
Ann. Geophys., 31, 647–663, 2013

MC contains mostly water soluble aerosols like sulphate, nitrate, and sea salt aerosols with SSA = 0.996, while MP has
additional soot loading (3.10 µg m−3 ) with SSA = 0.963, and
UR has significantly higher soot loading (7.78 µg m−3 ) and
contains no sea salt with SSA = 0.754. Cases 1–3 are chosen to investigate the changes in the radiative effects of the
LTD due to changes in concentration of aerosol loading below the dust layer, and cases 4–8 are chosen to investigate
the changes in the LTD radiative effects due to changes in
aerosol type.
The vertical distribution of radiative forcing and heating
rate are estimated for the eight cases and shown in Fig. 7.
The black line represents the radiative forcing and heating
rate for the ambient dusty conditions, which in the present
study are considered to be the conditions that were prevailing on 14 May 2007, a typical dusty day when the LTD was
present in between 2–4 km. The ambient surface forcing is
−20 W m−2 and the forcing gradually increases with altitude
up to 4 km and later becomes constant (0.5 W m−2 ). When
no aerosols are present below LTD (A0 ), surface forcing is
minimum of about −5.5 W m−2 and the atmospheric forcing is constant up to 2 km from the surface, whereas above
2 km, i.e., in the LTD, forcing becomes lower than the ambient forcing. When the aerosol concentrations are reduced by
50 % (A0.5 ) and increased by 50 % (A1.5 ), the surface forcing and the forcing below LTD change accordingly. The surface forcings are −13 and −27 W m−2 for A0.5 and A1.5 ,
respectively, and increase gradually up to 2 km. Above 2 km
www.ann-geophys.net/31/647/2013/
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the situation reverses and the forcing is lower for A0.5 and
higher for A1.5 . This result shows that there is significant perturbation of forcing within the LTD for different amounts of
aerosol loading below the dust layer. The heating rate also
exhibits significant changes in response to different aerosol
concentrations. Below 2 km the heating rates are proportional
to the aerosol loading. For A0 , the heating rate is zero, and
for A0.5 and A1.5 the heating rates are lower and higher than
the ambient heating rates, respectively. Within the LTD, i.e.,
above 2 km, the heating rates are significant in all three cases
and less than ambient for A0 and A0.5 , the former being the
least, and higher than ambient for A1.5 . This is due to increased (decreased) upward-scattered radiation received by
the LTD when the aerosol loading increases (decreases) below. The dust radiative forcing becomes more positive (negative), thereby increasing (decreasing) the warming effect
within the dust layer.
Significant differences are also observed in the forcings
when the type of aerosol changes below LTD. Minimum surface forcing of −75 W m−2 is observed for SO followed by
−37, −15, −13 and −12 W m−2 for UR, MP, SS, and MC,
respectively. The vertical distribution of radiative forcing and
heating rate are similar to the ambient condition; however,
their magnitudes vary. Within the dust layer, forcing is higher
than the ambient for SS, followed by MC and MP, and forcing is less than the ambient for UR and SO in the same order.
Similarly, the heating rate for the dust layer is also found to
be the greatest for SS, followed by MC, MP, UR and SO, as
shown within the inset in Fig. 7.
The bar plots present the perturbations of dust radiative
forcing (1F ) and dust heating rates (1H ) in percentages relative to the ambient conditions, with blue bars representing
negative forcings (cooling effects) and red bars representing
positive forcings (warming effects). In case A0 the radiation
received by the dust layer below LTD is reflected solely by
Earth’s surface, resulting in negative forcing with cooling effect with respect to ambient. In case A0.5 the dust layer receives additional scattered radiation due to the aerosols below reducing the negative forcing and cooling effect, and
in case A1.5 it receives more upward radiation, resulting in
the positive forcing and warming effect. However, this upward radiation also depends on the type of aerosols below
the dust layer. The negative forcing and cooling effect are
maximum for SO, while positive forcing and warming effect are maximum for SS because the upward radiation received by the dust layer is minimum for SO and maximum
for SS. In case SO, maximum negative forcing and cooling effect are due to maximum absorption of the downward
solar radiation reaching Earth’s surface and the upward reflected radiation from the surface, resulting in minimum upward radiation received by the dust layer. As soot loading decreases in cases UR, MP, MC and SS (where SSA are 0.754,
0.963, 0.996, and 1.0, respectively), with increase in the scattering properties of the aerosols below LTD, the dust layer
exhibits increased positive forcings and warming effects bewww.ann-geophys.net/31/647/2013/
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cause the dust layer receives relatively more upward radiation. Therefore, the warming effect decreases by about 25 %
with absorbing aerosols present in the boundary layer, and
increases by about 15 % for purely scattering marine boundary aerosols. Thus, the radiative forcing and heating rate of
LTD are significantly influenced by boundary aerosol type
and mass loading. Note that in Fig. 6 the heating in LTD reduces as the height of LTD increases. The reason could be
due to more mass loading of absorbing aerosols within the
boundary layer as analyzed above. It should also be noted
that the LTD is determined from the higher depolarization
ratio. However, it is possible that some dust aerosols are detrained into the boundary layer below LTD, but the high loading of spherical pollutants there significantly reduces the depolarization ratio. So the below-LTD absorption could come
from either the detrained dust or the absorbing pollutants in
the boundary layer.
The cases MC, MP and UR are chosen to make the present
study more realistic. The Indian Ocean, BoB and Chennai
(13.04◦ N, 80.17◦ E) in the Indian subcontinent are very similar to MC, MP and UR, respectively, as reported by earlier
researchers during INDOEX experiments (Jayaraman et al.,
1998; Ramanathan et al., 2001; Satheesh, 2002; Satheesh
et al., 2002). UR exhibits a cooling effect, while MC and MP
exhibit warming effects in the same order. Heating of LTD
increases by about 12 % for MC, and decreases by about 7 %
for UR. Thus, the present simulation study suggests that the
clean marine boundary layer such as the Indian Ocean increases the dust warming effects significantly compared to
that for the absorbing urban aerosols over the mainland of
India. It should to be noted that significant heating effect
also occurs due to change of surface reflectivity as the underlying surface becomes dark over the marine region. However, in the present study, marine boundary layer aerosols
are introduced only for comparison with the same underlying land surface. The present simulation study shows that
marine boundary layer aerosols also increase the warming
effects of LTD. In this scenario it can be said that heating in
the dust layer can stabilize the lower troposphere over the Indian Ocean, while this effect is weakened for the dust layer
over urban regions like Chennai. Stabilizing the marine atmosphere by this optically thick dust layer can weaken the
local convection over the Indian Ocean, which could reduce
cloud precipitation and in turn affect the Indian monsoonal
circulation.

5

Conclusions

Using simultaneous observations of AOD, Ångstrom exponent, AI and SSA, along with vertical distribution of extinction coefficient and depolarization ratio obtained from spaceborne sensors, MODIS-Aqua, OMI-Aura, MISR-Terra and
CALIOP-CALIPSO, dust layer radiative forcing and heating
Ann. Geophys., 31, 647–663, 2013
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rates over Indian tropical region are characterized. The main
findings are summarized below:
1. Dust transported from the Thar Desert produces an optically thick dust layer of 0.18 ± 0.09 optical thickness
in between 2 and 6 km over southern India during May,
just before the arrival of monsoon. Some of the dust layers exhibit signatures of fine layers of pollutants.
2. Use of high-resolution profiles of temperature and
RH from GPS radiosonde measurements over Gadanki
made it possible to calculate aerosol radiative forcing
and heating rate in the lower atmosphere at a vertical
resolution of 100 m.
3. Presence of the dust layer redistributes the aerosol radiative forcing vertically and increases about 60 % of
the radiative forcing and heating rate by 60 times at that
altitude with respect to non-dusty cloud-free days.
4. The radiative forcing and heating rate produced by
the transported dust layer over Gadanki are 11.5 ±
3.3 W m−2 and 0.60 ± 0.25 K day−1 , respectively.
5. The transported dust layer radiative forcing and heating
rate efficiency are found to be 43 W m−2 and 4 K day−1
per optical depth, with a correlation coefficient of 0.92
and 0.88, respectively.
6. The simulation study shows that radiative forcing and
heating rate of the dust layer strongly depend on the
boundary layer aerosol type and mass loading. An increase of 25 % heating by the dust layer is found over
relatively cleaner regions (Gadanki) than urban regions
in tropical India, and a further 15 % of heating increases
over the marine region.
This shows the significant warming in the free troposphere
due to the presence of the dust layer over the tropical Indian region. Based on these results, it can be said that such
a layer of transported dust over marine region may produce
relatively more stable atmosphere than over land, which can
spin down the hydrological cycle and can cause significant
perturbation in the Indian monsoon circulation. It is important to note that these conclusions are drawn by considering
a few best cases. More in-depth analysis by considering a
large database, from both satellite and in situ observations,
will help in resolving further issues and enable a better understanding.
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