Annales Geophysicae, 24, L 2006 — "*—
SRef-ID: 1432-0576/ag/2006-24-37 G Annales
© European Geosciences Union 2006 Geophysmae

Dust aerosols over India and adjacent continents retrieved using
METEQOSAT infrared radiance
Part |. sources and regional distribution

S. Deepshikha, S. K. Satheesh, and J. Srinivasan
Centre for Atmospheric and Oceanic Sciences, Indian Institute of Science, Bangalore-560 012, India

Received: 20 January 2005 — Revised: 2 December 2005 — Accepted: 21 December 2005 — Published: 7 March 2006

Abstract. Mineral dust constitutes the single largest contrib- compared with another year (i.e. 2003), with a large num-
utor to continental aerosols. To accurately assess the impatter of dust storms reported by meteorological departments
of dust aerosols on climate, the spatial and temporal distribubased on visibility data. During the dry season, the magni-
tion of dust radiative properties is essential. Regional chartude of the monthly average IDDI during 2003 was slightly
acteristics of dust radiative properties, however, are poorlyhigher than that of 1999. The monthly mean IDDI was in
understood. The magnitude and even sign of dust radiativéhe range from 4 to 9K over the Indian deserts, as well as
forcing is uncertain, as it depends on a number of parametergver the deserts of Africa and Arabia. The maximum IDDI
such as vertical distribution of dust, cloud cover and albedoduring a month was in the range from 6 to 18 K. Large IDDI
of the underlying surface. In this paper, infrared radiancevalues were observed even over vegetated regions (such as
(10.5-12.5um), acquired from the METEOSAT-5 satellite the vegetated part of Africa and central India), attributed to
(~5-km resolution), was used to retrieve regional characterthe presence of transported dust from nearby deserts.
istics of dust aerosols for all of 1999. The infrared radiance . -
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has been used as an index of dust load, known as the Infrareradiation) _ History of Geophysics (Atmospheric sciences)
Difference Dust Index (IDDI). There have been several stud-
ies in the past carried out over the Sahara using IDDI as a
measure of dust load. Over the Indian region, however, stud-
ies on dust aerosols are sparse. Spatial and temporal vari- |ntroduction
ability in dust loading and its regional distribution over var-

ious arid and semiarid regions of India and adjacent conti-soj| derived particles are among the largest aerosols with
nents (0-35N; 30° E-100 E) (excluding Sahara) have been radjji ranging from less than 0;dm to ~100.m (Prospero
studied and the results are examined along with surface soit ., 1983, 2002: Kaufman et al., 1995: Haywood and
conditions (such as vegetation cover and soil moisture). Thasoycher, 2000: Kaufman et al., 2002; Seinfeld et al., 2004).
advantage of the IDDI method is that information on aerosol|_grge particles are present mainly in the source regions but
properties, such as chemical composition or microphysicaparticles in the radius range 0.1-5. (or even larger) are
properties, is not needed. A large day-to-day variation intransported to long distances%000 kms) in the marine at-
IDDI was observed over the entire study region, with val- mosphere (Junge, 1972; Kalu, 1979; Arimoto et al., 1995,
ues ranging from 4 to 22 K. It was observed that dust activ-1997; Prospero, 2001, 2003; Satheesh and Srinivasan, 2002;
ity starts by March over the Indian deserts, as well as oveigong et al., 2003; Prospero and Lamb, 2003; Petit et al.,
deserts of the Africa and Arabian regions. The IDDI reachespoos). For example, several investigations over the Atlantic
maximum during the period of May to August. Regional ocean have observed Saharan dust, even at remote locations
maps of IDDI, in conjunction with biomass burning episodesjn the Atlantic Ocean (Moulin et al., 1998; Prospero et al.,
(using TERRA satellite fire pixel counts), suggest that large2002; Seinfeld et al., 2004). The measurements of aerosol
IDDI values observed during the winter months over North- sjze distribution and analysis of chemical composition of
ern India could be due to a possible deposition of black car-aerosols over Antarctica have found mineral particles with
bon on larger dust aerosols. The IDDI values have beergdii greater than 2m of Australian origin (Shaw, 1980;
Shaw et al.,, 1998). Since composition of the soil varies
Correspondence tdS. K. Satheesh locally, the mineral aerosols derived from soil exhibit high
(satheesh@caos.iisc.ernet.in) variability in their imaginary part of the refractive index that
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mainly determines the climate forcing by this type of aerosolmixed with soot, sulfates, nitrates or aqueous solutions can
(Zender et al., 2003; Ginoux et al., 2001, 2004; Seinfeld ethave drastically different properties from those at the dust
al., 2004; Tegen et al., 2004). The efficiency with which source (Jacobson, 2001; Chandra et al., 2004; Deepshikha
aerosols are produced from deserts varies depending on thet al., 2005). The dust that is transported from East Asia
soil characteristics at the particular location (Gillette, 1979). to the Pacific does not absorb as much radiation as the dust
By its omnipresence, the desert aerosol can have a sigfom South Asia or the dust from the Sahara Desert (Sein-
nificant impact on the atmospheric radiation (Sokolik et al., feld et al., 2004). There are dramatic regional differences
1998; Arimoto, 2001; Tegen et al., 2004). Dust not only in the chemical and optical properties of aerosols (Zender et
scatters but also absorbs solar radiation and also absorbs aatl, 2003; Ginoux et al., 2004). Part of the complexity in es-
emits long wave radiation (Haywood and Boucher, 2000;timating dust radiative impact arises from the fact that dust
Satheesh and Ramanathan, 2000). The magnitude and evenurces and sinks are not uniformly distributed (Sokolik et
the sign of direct radiative forcing by dust is uncertain (IPCC, al., 1998; Tegen et al., 2004). Consequently, the dust aerosol
2001; Seinfeld et al., 2004; Tegen et al., 2004). It dependsas a complex spatial and temporal pattern.
on a number of parameters, such as the optical properties of
dust, its ver.tical distribution, cloud cover and the alpedo of Recent experiments have shown that measurements of dust
the underlying surface (Heintzenberg et al., 1997; Liao and

. R at various locations alone cannot provide information on its
S_emfgld, 1998; Taref etal., 20.01.’ 2003). .DUSt aerosols are transport and consequent impact over other regions (Seinfeld
significant contributors to radiative warming below 500 mb

. .~ etal., 2004). To accurately assess the impact of dust aerosols

due to short wave absorption (Chen et al., 1995; Mohalfi et . . L .
) I h I | f

al., 1998; Alpert et al., 1998; Miller and Tegen, 1999: Pros on climate, the spatial and temporal distribution of dust is

) . “essential. However, regional characteristics of soil dust pro-
pero, 2003; Prospero and Lamb, 2003). Typically, dust a ‘duction, and transport and removal processes are less under-

g;c;xélrelztr(—als)(()(lj ?:lﬂg;ig:g S(kT]ggera;ﬁJ al\j:ﬁgf nlggsg?r-gz: UMstood. Retrieval methods using infrared wavelengths (a tech-

nique used in this paper) have proved to be more suitable for
al., 2003). Tegen and Fung (1994) have shown that dust frOngtﬂdies on dust ae?osols) (Térar?d Legrand, 1991; Legrand

disturbed soil causes a net cooling at the surface, accomp%-t al., 2001; Leon and Legrand, 2003). Using NIMBUS data,

nied by an increase in atmospheric heating. Such radlatlve_ €lshenk and curran (1974) have demonstrated that dust can be

Mfetected over arid regions using infrared radiance. Subse-
quently, Legrand et al. (1983, 1985), using METEOSAT in-
frared radiance data, studied dust aerosols over North Africa
and Arabia. The studies carried out thereafter have demon-
strated the potential of infrared radiance for quantitative es-
timates of dust aerosols (Ackerman, 1989; Legrand et al.,
1989, 1992, 1994, 2001; Tanand Legrand, 1991; Leon and
Legrand, 2003).

(Mohalfi et al., 1998; Haywood et al., 2001, 2003; et
al., 2001; Zhang and Christopher, 2003).

2 Problems in quantification of dust

There are some difficulties involved in remote sensing (us-
ing visible wavelengths) of dust over land (Kaufman et al.,
1997). Continuous in-situ sampling of dust aerosol is not
feasible over desert regions, due to logistical reasons, and In this paper, infrared radiance (10.5-12/%) from
hence the number of sites, which can be maintained is limitedhe METEOSAT-5 satellite (of European Space Agency —
(Holben et al., 1998). Remote sensing using visible wave-ESA —) has been used-6-km resolution) to retrieve dust
lengths is complicated due to high and varying albedo overaerosol characteristics. During the Indian Ocean Experiment
the desert, where high dust load is present. Recently, Hsu §INDOEX), METEOSAT-5 was moved to 86& and pro-
al. (2004) has demonstrated that aerosol optical depths can véded an excellent opportunity to study dust aerosols over
derived using MODIS data over bright surfaces. Martonchik India and adjacent continents. The principle behind the re-
et al. (2004) has compared MISR derived optical depths withtrieval technique is based on the fact that the presence of dust
those measured by AERONET sites over the deserts anderosols reduces the infrared radiance detected by the satel-
found good agreement. Dust aerosols are, however, knowtite. The radiance depression resulting from the presence of
to be non-spherical in shape. This can cause errors in theust in the atmosphere has been used as an index of dust
remote sensing of dust aerosols from visible wavelengths. load and is called the Infrared Difference Dust Index (IDDI)
Recent investigations as part of Aerosol CharacterizationTanie and Legrand, 1991; Legrand et al., 2001). The raw
Experiment-Asia (ACE-Asia) have shown that the dust wedata from METEOSAT (in the form of radiance counts) is
observe may not be just dust, but it may be dust mixed withconverted to InfraRed Brightness Temperature (IRBT), us-
other aerosols (Seinfeld et al., 2004). Studies by Parungding an inverse Plank Function. The IDDI images were cre-
et al. (1987) demonstrate that dust particles originating fromated from IRBT images to study the regional characteristics
China’s desert are coated by sulfates or soot after passingf dust following Legrand et al. (2001). The variability of
through polluted industrial regions downwind of the desertatmospheric dust loading over arid and semiarid regions of
and in contrast, Saharan dust transported over the Atlantitndia and adjacent continents, such as regions of Africa (ex-
Ocean is often coated by sea salt. Dust particles internallycluding Sahara) and Arabia, has been studied.
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Table 1. Properties of various aerosol components. 0.35 -
s M Sulphate W Soot M Dust W Sea-salt
Aerosol Component Iy UM | G p,gem® | w (500 nm) £ 034
Water soluble 0029 |224 |18 0.99 if 0281
(sulphate, nitrate etc) § 0.2 1
Soot 0018 |20 |10 023 g o015
Searsalt (accum. mode) | 0.378 | 2.03 |22 1.0 é: 01
Sea-sdlt (coarsemode) | 3.17 | 203 | 2.2 10 § 00
Mineral dust 050 |20 |26 0.97 <
04

0.05 045 0.25 035 045 0.55 0.65 0.75 0.85 0.95
Aerosol Optical Depth (0.5 pm)

3 Detection of dust using infrared radiance: data and

analysis Fig. 1. Influence of various types of aerosols to infrared radiation,
demonstrating that dust aerosols are the most sensitive to infrared.
As the dust aerosol load (often represented by dust optical
depth) increases, there is a consequent reduction in short , ,
wave solar radiation reaching the surface. This is due to the Mineral dust particles constitute the largest aerosols over

combined effect of scattering and absorption. Similarly, there/@nd- Large dust particles (i.e. of the order of 0.1 tq.t0

is a reduction in the Outgoing Long Wave radiation (OLW) I size) reduce IR_ radiance at the_TOA, due to the combined
at the top of the atmosphere (TOA) because of the absorp@ﬁects of sc_atterlng a}nd absorptlo_n (Legrand et al., 2001).
tion due to dust. When the dust aerosol optical depth in-Smaller particles (radius:0.1,m) will have a lesser effect

creases from zero to 1.0, the consequent reduction in OLF" the OLR. This means sub-micron particles are mostly
is around 30 W m? (Satheesh et al., 2005). Here, the deserti@nsparentin the infrared (Maley, 1982). ,
aerosol model described in Hess et al. (1998) and Kaufman 1€ radiance depression (with respect to clear-sky IR radi-

et al. (2001) was used to estimate the radiative impact of dusg"c€): resulting from the presence of mineral dust aerosols in
to long wave radiation. the atmosphere, can be used as an index of dust aerosol load
QTanré and Legrand, 1991). Dust layer reduces the infrared

To examine the impact of dust aerosols and other aerosol, 1. e received by satellites (Tarand Legrand, 1991).

species on infrared radiation, sensitivity analysis has been.. . : . . .
. .~ Different processes involved in lowering the infrared radi-
carried out. Here, a four-component aerosol system, consist- . . .
nce, due to dust, are discussed in the literature €Tand

ing of mineral dust, sea salt, soot and sulphate, was consi “earand. 1991 Brooks. 2000: Learand et al.. 2001 Leon and
ered. The optical properties of different aerosol species ar?_egrand' 2003’) and aré briefl'y Ol?tlined heré’ '

obtained from Hess et al. (1998) and Kaufman et al. (2001).
The physical properties, such as mode radgi) (rstandard

- P! : ' . — (a) The dust layer reduces (by scattering and absorption)
deviation ¢) and density 4), and optical properties, such as

incoming solar radiation and cools the land surface, thus

single scattering albedaj of the individual aerosol compo- reduces OLR.
nents, are shown in Table 1. We have shown in Fig. 1 the
optical depth at 0.am and 11um, due to various aerosol  — (b) The dust layer absorbs part of the OLR.

species. When the dust optical depth at@nbis 1.0, the
dust optical depth in IR (at 11m) is around 0.33, which is
higher than all other species. The second highest contribu-
tor to infrared optical depth is sea salt, which has an optical
depth of 0.06 at 1Lm, which is much lower compared to

dust optical depth. Sulphate and soot have much lower opti- In the present study, satellite measured infrared (IR) ra-

cal depths at 1&m. This demonstrates that the mineral dust diance acquired from METEOSAT-5 in the 10.5 to 1218

is the only aerosol species over land regions, which can 'n'vvavelength band (at5-km resolution) was used to retrieve

fluence the infrared radiation significantly. Over ocean, S€8y,st aerosol properties. The approach is based ore Eart
salt (though the effect is an order of magnitude smaller thar\_egrand (1991) and Leérand etal. (1994, 2001).

dust) also contributes to the reduction in OLR. Aerosol op- An IRBT depression, caused by the presence of dust

tical depths measured over India are typically in the range,q 4505 in the atmosphere, can be used as an index of dust
from 0.2 to 0.7, and the black carbon mass fraction is in theload and is called IDDI (Taérand Legrand, 1991).

range of 10 to 15% (Moorthy et al., 2005). The black car-
bon mass concentration during daytime is typicallygm 3
over Southern India and8g m—2 over Northern India (Tri-
pathi et al., 2005). AR=R' —Ry", (1)

— (c) Some of this IR radiation absorbed in the dust layer
will be converted to kinetic energy as the layer is heated
and part will be re-emitted in all the directions, with
only a fraction escaping to space.

The radiance depression at the TOA, due to the presence
of a dust laye, is,
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Fig. 2. (a)An example of an original IRBT imagéh) reference image for first 15 days of April 1998) an example of a difference image.
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Fig. 3. Arch diagrams for a 83 pixel array of a 6&60 pixel box ~ Fig- 5. Arch diagrams for a 83 pixel array of a 6660 pixel box
from a Difference Image (DI) and their classification according to Tom a Difference Image (DI) and their classification according to

the cloud algorithm. A typical arch with its clear foot delimited (top the cloud algorithm. An example of an arch without a clear foot
panel) and the foot classified as fully clear (bottom panel). classified as fully cloudy (top panel) and an arch classified as fully
clear (bottom panel).
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Fig. 4. The number of points per bin of 1 K in width. The point at
which the number of points drastically decreases (to less than 50% Mean A IRBT (K)
of the average of the previous bins) was assigned as a clear foot.

Fig. 6. A typical representation of the thresholds representing the

where ﬁ is the radiance leaving the TOA an(g R the ra-  background dust condition, normal dust conditions and cloudy con-

diance leaving the TOA without dust. ditions. The boundary between the clear and cloudy conditions is
The IDDI images were created using radiometric countsalso shown. In this situation cloud screening is difficult.

(RC) from METEOSAT-5. Radiometric counts are first con-

verted into radiance using the following relation: . .
9 9 where G is actual satellite count, {ds the space count and

Radiance = CalibrationCoefficient(C5—Cs) , (2) Calibration Coefficient is provided by METEOSAT, along
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Fig. 7. The final IDDI image (in K) after cloud screening the difference image. This image represents the regional distribution of dust
aerosols.
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Fig. 8. Topography map of the METEOSAT-5 window region.
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Vegetation Index (MODIS): January 2003
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Fig. 9. Normalised Difference Vegetation Index (NDVI) maps of dry (January) and monsoon (July) months. The numbers inside the boxes
represent the various regions which are used in the text to identify regions.

with the radiometric counts. Radiance data is converted into The next step was to create a “reference image” represent-
brightness temperature (IRBT) data, using an inverse Plancing clear-sky conditions for consecutive, non-overlapping pe-
Function. This IRBT forms the original image (an example riods, whose duration is short enough to eliminate the sea-
is shown in Fig. 2a). An “original image” contains all the ra- sonal effects but long enough to ensure that the clear-sky or
diative information about surface and atmosphere (Legrandhear clear-sky conditions exist for least one measurement,
et al., 2001). for each pixel (Legrand et al., 2001). The purpose of the
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Surface Soil Moisture (fraction) 1999
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Fig. 10. The monthly average regional distribution of soil moisture during 1999 over India and adjacent continents for six representative
months.

“reference image” is to separate the land effect from the Since the permanent surface patterns in the difference im-
“original image”. A 15-day reference period is used here.age are eliminated, clouds are observed over continental re-
For a given pixel, the maximum in the daily values of IRBT gions against a smooth, somewhat ocean-like, background
within a given reference period is assumed to represent théLegrand et al., 2001). This makes it easier to identify clouds
characteristics of the target pixel, as in cloud-free and dustn a “difference image” than in the “original image”. Cloudy
free (background) conditions (Fig. 2b). Next, a “difference pixels were screened using the spatial coherence method
image”, exhibiting the clouds and dust patterns separatedCoackley and Bretherton, 1982). First, cloudy pixels were
from the permanent surface features, was obtained by sulidentified in the “difference image” by dividing the whole
tracting the individual day “original image” (or IRBT) from image into regions of 6060 pixel boxes. The local mean
the “reference image” for that period. The “difference im- and standard deviation of the surrounding3pixel window
age” (Fig. 2c) shows only the variable atmospheric radia-was estimated within the pixel box and plotted, as shown in
tive effects related to both clouds and dust (Legrand et al.Fig. 3a. If the box considered is partly cloudy, then the plot
2001). Difference values represent the reduction in IRBTforms an “arch” with areas of high coherence, with a low
due to dust aerosols, provided that cloudy pixels are identi-standard deviation, and areas with low coherence, with high
fied and screened. standard deviations. If we set threshold values for the mean
and standard deviation, which define the cloud-free area, we
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MODIS Water Vapor (cm)
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Fig. 11. Clear-sky column water vapour content derived from MODIS data using a near-infrared method.

can separate the clouds from the scene (Fig. 3b). In the “dif-Typically the threshold standard deviation was in the range
ference image”, pixels, which lie outside the threshold of thefrom 1 to 2 K. In this way, depending on the amount and type
mean and standard deviations, are identified as cloudy pixelsf clouds, threshold values (clear foot and threshold standard
and are masked. In order to find the thresholds, which defineleviation) are different for different scenes.
the clear-sky scene, we need to separate the clear foot of the |, the case of completely cloudy scenes, the plot of local
arch in Fig. 3a. For this purpose, we have divided the x-axismean versus standard deviation does not have an arch struc-
of Fig. 3a into 1-K bins and estimated the number of pointsyre. An example is shown in Fig. 5 (top panel). Similarly, in
lying within each bin. For this purpose, we have arbitrarily the case of completely clear scenes, there will be usually only
assigned a threshold standard deviation of 5K (please notgne foot with a very low standard deviation, as low as 2K or
that this is not the final threshold), which is much larger thangyen |ess (Fig. 5, bottom panel). These scenes can be identi-
the standard deviation expected for _dust but_lower than thaieq as completely clear-sky scenes. A typical representation
expected for cloudy scenes. The bin at which the numbegy the thresholds (mean and standard deviation), represent-
of points drastically decreases (to less than 50% of the avelimg packground dust condition, normal dust conditions and
age of previous bins) was assigned as the clear foot. In thig|oydy conditions, are shown in Fig. 6. Now the resulting
example the clear foot was identified as 11K (see Fig. 4).  jmage after cloud screening (an example is shown in Fig. 7)
The next step was to find the threshold for standard deviis an IDDI image, which represents the regional distribution
ation, which defines clear-sky area. The threshold standardf dust. Daily IDDI images were created after cloud screen-
deviation is defined (in this study) as the standard deviationng. Thus, four steps of data processing are involved in order
below which 90% of the points within the clear foot exist. to create IDDI images.
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NCEP Monthly Mean Surface Winds : 1999
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Fig. 12. The monthly regional distribution of surface winds during 1999 over India and adjacent continents for four representative months.
The length of the arrows represent the magnitude of wind speed and its direction represents wind direction.

The METEOSAT IR radiance data were analysed for all which determine the regional climate, in order to identify
days during 1999. These results were compared with a yeahe regions and seasons during which dust aerosols are
with a large number of dust storms reported by meteorologi-present (Brooks and Legrand, 1999; Brooks, 2000; Legrand
cal departments based on visibility data (i.e. 2003). The seaet al., 2001). It has been postulated that large dust loading
sonal variation and regional distribution of dust aerosols overover widespread areas in arid and semiarid zones might re-
arid and semiarid regions of India and adjacent continents arduce surface heating sufficiently to affect the dynamics of
studied. There have been studies in the past carried out ovéhe regional circulation pattern (Brooks and Legrand, 1999;
Sahara using IDDI. Over the Indian region, however, studiesBrooks, 2000). Dust events are likely to have an impact on
on dust are sparse. In addition to METEOSAT IR radiance,the thermal structure of the atmosphere (Tegen and Fung,
vegetation index, water vapour content and fire pixel count1994). Prolonged impact of atmospheric dust on the large-
(a measure of biomass burning location) from MODIS (on scale regional circulation would arise from generally ele-
board TERRA satellite) were also used. The NCEP/NCARvated dust levels over periods longer than those associated
reanalysed surface soil moisture and surface winds were alswith individual events (N'Tchayi et al., 1997; Brooks and
used to support the results. Legrand, 1999). It is therefore important to examine varia-

tions in dust loading on a monthly or seasonal scale.

4 Results and discussion

It is necessary to consider the temporal and spatial scales
over which dust is most likely to interact with the processes
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Table 2. Comparison of Monthly Mean IDDI (K).

Table 3. Comparison of Monthly Mean IDDI (K).

Month Saudi Arabia-| Saudi Arabiall Rajasthan
1999 2003 1999 2003 1999 2003

Jan 40+19 44+23 43+17 60+21 61+19 53+22
Feb 46+19 56+34 55+1.6 6.7+1.8 6.2+25 6.5+38
Mar 55+21 6.7+ 3.6 6.6+19 8227 6.4+32 57+25
Apr 49+19 73+39 55+20 78+24 41+16 65+32
May 50+£30 6.3+28 6.1+22 6.6+25 8.7+38 74+35
Jun 45+16 56+26 43+17 52+19 73+34 85+31
Jul 53+19 6.9+2.6 45+16 58+18 86+44 93+35
Aug 41+09 6.3+3.7 39+13 6.3+2.6 6.4+39 7327
Sep 51+0.7 53+15 38+14 56+16 57+23 70+28
Oct 50+10 58+26 35+11 57+18 44+25 38+21
Nov 37x15 43+19 37+12 45+16 35+18 42+23
Dec 25+0.6 47+25 27+08 46+18 38+19 37+26
Annual 45+0.84 58+10 46+10 61+11 59+17 6.3+18
Average

47

Month NE Africa Somalia
1999 2003 1999 2003

Jan 49+29 6.1+28 44+25 59+26
Feb 42+17 6.0+22 52+18 56+23
Mar 6.7+20 72+21 64+16 6.9+20
Apr 70+26 85+24 6.8+22 78+21
May 64+23 68+21 6.2+25 72+19
Jun 6.1+23 75+20 64+26 81+22
Jul 80+19 7617 83+24 9.0+27
Aug 6.6+19 80+25 71+£21 73+26
Sep 5817 65+14 6.0+18 6.7+21
Oct 73+26 6.1+17 63+21 64+19
Nov 48+16 6.3+26 58+14 65+25
Dec 31+11 6.4+33 34+13 6.8+24
Annual 59+14 6.9+08 6.0+13 70+£10
Average

soil moisture (in the absence of vegetation) (Gillettte, 1979;
Jaenicke, 1980, 1993; Prospero et al., 1983, 2002). In semi-
arid regions, however, vegetation cover may have a greater
influence than soil moisture, since permanent seasonal veg-
etation persists, which inhibits dust production even when
the soil moisture becomes too low. Therefore, we show in
Fig. 9, a normalised difference vegetation index (NDVI) de-
rived from MODIS (on board TERRA satellite) data for both
dry (January) and monsoon (July) months. The areas rep-
resented in green (typically NDW0.3) are vegetated areas.
We did not find any significant seasonal variation in vegeta-
tion cover over the study area except in central India and the
northeast African region. Over central India during January,
more than 90% of the pixels had ND¥0.3 while during
June this was about 75%. The MODIS has provided NDVI
data at a 1-km resolution. But year-round MODIS data is
available from 2000 only. This is the reason we presented
vegetation index maps for 2003 instead of 1999. The boxes
shown in Fig. 9 (top panel) represent boundaries of regions
considered for studying the temporal characteristics of dust
(discussed later in Sect. 4.3) and are numbered from (1) to
(7). The monthly regional distribution of soil moisture during
1999 over India and adjacent continents is shown in Fig. 10
(from NCEP/NCAR). Soil moisture is a measure of surface
wetness. The Indian deserts are dry from December to May.

4.1 Surface soil condition, surface wind and atmosphericafter the onset of monsoon rainfall, soil moisture over these
water vapour

regions becomes higher (in June to November period). This
seasonal pattern of soil moisture is more or less similar over

The topography map of the study region is shown in Fig. 8,central Africa, as well. The Arabian Desert, on the other
which provides information about altitude of various loca- hand, is dry during most of the year.

tions within METEOSAT-5 window. Dust production de-

pends on soil moisture, surface wind speed and surface soil The regional distribution of clear-sky column water con-
conditions (e.g. existence of vegetation). For a given windtent (from MODIS) is derived using a near-infrared method
speed, the dust production rate at the surface depends aturing both the dry and monsoon months (see Fig. 11).
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Table 4. Comparison of Daily Maximum IDDI (K).

Month Saudi Arabia-| | Saudi Arabia-ll | Rgjasthan C. India

1999 | 2003 | 1999 |2003 |1999 |2003 (1999 | 2003
Jan 96 | 100 | 10.2 9.7 110 | 83 6.4 7.7
Feb 84 129 85 12.6 118 | 15.2 7.8 9.4
Mar 124 | 163 | 128 | 158 | 140 | 166 | 66 | 103
Apr 108 | 18.0 11.3 17.8 125 | 124 7.1 8.6
May 164 | 165 16.8 17.2 180 | 141 | 118 | 106
Jun 85 | 121 | 103 | 132 | 125 | 136 | 1.7 | 120
Jul 176 | 140 | 178 | 162 | 162 | 140 | 137 | 121
Aug 82 | 157 9.2 158 | 138 | 130 | 107 | 113
Sep 8.0 | 142 8.6 136 99 | 118 | 75 9.6
Oct 11.2 9.6 11.7 11.3 135 8.6 10.7 7.8
Nov 105 | 117 11.3 12.3 7.0 11.8 7.9 4.8
Dec 51 10.4 53 10.8 7.1 11.0 5.7 9.0
Annual 106| 135 11.2 139 123| 125 9.0 9.4
Average

Legrand et al. (2001) has made detailed sensitivity analyis shown in Fig. 12 for January. The wind speed starts pick-
sis on the role of atmospheric water vapor in contaminatinging up from April and reaches a maximum (10 to 12Th)s
IDDI. They reported that when the water vapor amount isduring June/July. The net dust production at any location de-
in the range between 0.5 and 2.5 gdnmaximum varia-  pends on the combined effect of wind and soil moisture. If
tion in simulated METEOSAT infrared response (IDDI) is the wind speed and soil moisture are both high, the dust pro-
not greater than 2 K. When the water vapor amount exceedduction rate will be low. For example, over northwest India,
3gcnt?, the effect of the water vapor becomes important. when the wind speed peaks during June, July and August,
Over arid and semiarid locations water vapor amount is ususoil moisture is also high due to monsoon rains. Thus, re-
ally less than 2.5 g cm? during most of the time in a year. gions, such as Arabia, experiencing high wind speed and low
Over locations experiencing a water vapor amount exceedsoil moisture conditions (and nearly negligible vegetation)
ing 3gcnT?2, water vapor absorption contributes to IDDI. (Figs. 9 to 12), are expected to be the dominant dust sources.
We have made estimates of the effect of water vapor on IDDI

based on Fig. 11, which shows that over most of the study#2 Seasonal variations in dust loading as inferred from
region the effect of water vapor on IDDI is as high as 3K IDDI

(especially within the boxes shown in Fig. 9). L ) )
Dust which is transported large distances may have an im-

Investigations in the past have reported that the threshpact on climate far from its source (Li et al., 1996; Alpert
old wind speed required for dust production starts at 4fns et al., 1998; Schollaert and Merrill, 1998; Li et al., 2004).
(Helgren and Prospero, 1987; Nickling and Gillies, 1989). Different regions act as dust sources during different times
However, studies carried out later have shown that a windof the year and hence the dust source function is different
speed above 0.5nT$ is capable of transporting the mineral for different regions and for different seasons. Over source
dust particles in the atmosphere as large agn size (Mc-  regions and neighboring land areas dominant aerosols are
Tainsh, 1980; d’Almeida et al., 1991). When soil moisture mineral dust particles. Outside these regions, other aerosols,
is low (in the absence of vegetation) the magnitude of thesuch as biomass burning aerosols or sulphates, are also im-
surface wind is mainly responsible for the production of dustportant. Airborne dust is likely to have the greatestimpact on
from the surface. Therefore, we show a regional distribu-the radiative and optical properties of the atmosphere near its
tion of surface (10 m) winds (obtained from NCEP/NCAR source where effective particle size and particle number den-
reanalysis) during 1999 over India and adjacent continents irsity is the highest.

Fig. 12. The length of the arrows represents the magnitude of The noon-time IDDI images were constructed in order to
the wind speed, and its direction indicates the wind direction.examine dust variability over arid and semiarid regions of In-
Surface winds have an important role not only on dust pro-dia, as well as Africa and Arabia. Here, only representative
duction but also in transporting dust from one region to an-images of IDDI for the year 1999 are presented. However,
other. Surface winds are weak (3 to 5nisduring Novem-  discussions are based on IDDI maps for all days. More de-
ber to March throughout India and the adjacent regions. Thidails are provided in Tables 2 to 5. White areas are cloudy
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Fig. 13. Typical examples of regional distribution of IDDI (K) during January, February and March.

areas, which are screened by a cloud screening algorithnthroughout the year (Legrand et al., 2001). During January,
Regions with IDDI larger than 6 K are easily distinguishable soil moisture was very low over the deserts (Fig. 10) over
as regions with large dust loads (dusty areas). The IDDI val-Northwest India (Rajasthan). However, surface winds were
ues larger than 6K correspond to dusty conditions, characalso low (~3m s1) during January (Fig. 12), which could
terised by visibilities near the ground of less than 10 km andbe the reason for low IDDI. In parts of South India high
are approximately equivalent to an Aerosol Optical DepthIDDI values were occasionally observed (Fig. 13, for exam-
(AOD) of 0.3-0.5 (Legrand et al., 1994). This can contribute ple). One interesting feature was observed over the north-
to a radiative forcing of several W4 on a local or regional  ern part of India, where IDDI values were in the range of
scale, which is of the same order as the globally averaged ent2 K to 18 K and persisted for more than 10 days (i.e. from
hanced greenhouse gas forcing (Lacis and Mischenko, 1995Y. to 21 January 1999) (Fig. 13a). These high values usually
correspond to dust storm events and interestingly there were
4.2.1 January, February and March no dust storms reported during January in that region. Even
though IDDI is less sensitive to biomass burning aerosols, in
Noon-time data of the Meteosat-5 IR channel for all days ofthe aftermath of the biomass burning episode, black carbon
1999 were analysed and low IDDI was observed over the In-2€rosols might stick to large dust aerosols (resulting in large
dian landmass during January (Figs. 13a, b). Over arid an@nd highly absorbing dust aerosols) (Chandra et al., 2004;
semiarid regions of Northwest India, IDDI values were in Seinfeld etal., 2004; Deepshikha et al., 2005), hence leading
the range of 2K to 8K (monthly average), which ares com-t0 higher IDDI values. Sensitivity studies discussed in pre-
monly observed values over desert regions. Studies of dusfious sections have shown that IDDI is not sensitive to black
over the Sahara have demonstrated that a brightness tempéi@rbon aerosols when it exists independently. But if black
ature depression (i.e. IDDI) of 10K is commonly observed carbon is the result from biomass burning accumulation over
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Fig. 14. Maps of fire pixel counts (from TERRA satellite data) which provide information on the period and regions of biomass burning.

dust, then it will have an impact on IDDI. To examine the pre-monsoon season (Girolamo et al., 2005; Tripathi et al.,
period and regions of biomass burning, we show monthly2005). These pollution aerosols also have an impact on the
maps of fire pixel counts (a measure of biomass burning)IDDI by decreasing the solar radiation at the surface. Sen-
from TERRA satellite data in Fig. 14. Fire pixel counts are sitivity studies show that the effect of reduction of the solar
estimated from infrared satellite radiance and represent theadiation in IDDI is less than 10%.

number of occurrences of high infrared emission from the
surface (biomass burning episodes). These maps show ir}:-r
tense biomass burning activity over Southern India and Indo
Gangetic plains (Northern India) during the winter months
(December to March). Therefore, these high values of IDDI
(over Indo-Gangetic plains and South India) (see Fig. 13a

could probably be due to dust mixed with black carbon par-(N8 K) over Saudi Arabia compared to the Indian region

tlcltes (from r? lomass bl_”n'dn?%' -g]e; |?flue|_r|1ce _c(ijtfogR:erudle? with a large area covered by dust. However, February was
out, as we have examined the Refative Humi ity (RH) a3, month with low IDDI over the Indian arid and semiarid
from meteorological observatories, which shows that RH de-

. . regions (Figs. 13c, d). From March onwards dust loading
creases from-90% in the morning hours to less than 50% by . : L : :
. . increased over arid and semiarid regions of India, as well as
around 11 a.m. (see also, Tripathi et al., 2005). Thus, noon 9

time IDDI hich ted in thi i adjacent regions (Figs. 13e, ). The soil moisture was low (0—
Ime maps (which are repor edin _|s_paper) are no In-0.12) all over Northern India (Fig. 10). The surface wind pat-
fluenced by fog. The Indo-Gangetic plain is well known for

i : tern (NCEP/NCAR reanalysis data) in March /April (Fig. 12
a high load of black carbon and sulphate aerosols during th%hovx(/s that wind speeds ir): March/,)ApriI are highper éorgpar;d

During February IDDI over the Arabian Desert has in-
eased but over the Indian region it was still low. In Fig. 13c
(14 February) a region with high IDDI values (8—-12K) can
be seen over the Arabian region {2-29 N and 40 E-

50° E), whereas the Indian region low values of IDDI were
observed. Figure 13d (23 February) shows larger IDDI
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Fig. 15. Typical examples of regional distribution of IDDI (K) during April, May and July.

to January and February. The lower soil moisture and highesurface dust to the atmosphere and hence led to high IDDI
surface winds might have resulted in enhanced atmospheriover Northwest India (Figs. 10 and 12). In addition, the cir-

dust loading over the source regions, as well as regions awagulation pattern during this period favors transport of mineral
from the source. Figures 13e, f show IDDI values as largedust aerosols from Northwest India towards Central India.
as 15K over most of India and Arabia. On 8 March over Figures 15a, b show IDDI maps for two representative days
the Arabian Desert, no dust retrieval was possible because aif April 1999.

clouds. On the same day, over the Indian desert and neigh- In May, winds were high, of the order of10 msL. High

boring regions in Pakist.an, Afghanistan and Irgn, a mild dusR/vinds could be one of the factors, which leads to high IDDI
storm was observed (Fig. 13e). Around the middle of March igs. 15c, d). The IDDI was the highest over Northwest

a high dust load was observed over the Arabian Desert and a dia during April, May and June (Figs. 15c¢, d and Fig. 16).

over the northe'rn part of India. In the sout'hern part of Indla’An analysis of daily IDDI values during this period indicates
around 18N, high IDDI was observed which could be <_1ue that there were several dust episodes lasting from a few hours
to dust aerosols transported or as a consequence of b'omaﬁ?afew days. During May and June several dust storms were
burning ae.rosols stickir_lg tollocal dust. Over Northwest Indiaobserved. Figures 15¢, d show high IDDI on 25 and 30 May,
IDDI was, In general, high (in the range of 8 K-12K) during which represents a dust storm covering the northwest part
March (Figs. 13e, ). of India and a part of Pakistan and Afghanistan. This dust

4.2.2 April, May and June episode persisted from 19 May and prevailed until 31 May.

During May and June, IDDI values as high as 18K were
During April, May and June large IDDI values were ob- observed often over desert regions and even more than 18 K
served over arid and semiarid regions of India (Figs. 15a—dccasionally (Figs. 15c, d and Fig. 16). A typical example of
and Fig. 16). During April, May and June the northwest parta dust storm observed during June 1999 is shown in Fig. 16.
of India is the driest and hottest (Fig. 10). Low soil mois- The daily average wind pattern corresponding to the days of
ture simultaneous with high wind speed caused the uplift ofthe dust storm is shown in Fig. 17. Note from Figs. 9 to 12



52 S. Deepshikha et al.: Dust aerosols over India from METEOSAT infrared radiance — Part |

33N T
30N
27N
24N

21N
33N

3N
27N
24N

21N
33N 7

30N
27N
24N

21N{_
33N =
JN{
27N
24N
21N{.:

65 70E 75E B8OE B5E

5
£ -,
o
T
i

65E 70E 75E BOE B5E

Fig. 16. A typical example of a dust storm observed during June 1999. Here IDDI is in K.

that Afghanistan (region above Rajasthan, which is Region-%.2.3  July to December
in Fig. 9) and the adjacent regions are dry during June/July
and winds are quite high, of the order of 10m}sThe storm )
started on 4 June, reached its maximum on 5 June and theréter the onset of southwest monsoon, dust detection was
after faded in intensity, gradually to reach background levelsdifficult due to cloudy conditions. In case clouds are cov-
by 11 June. Meanwhile, another high dust event occurred?ind an area where dust load is high, it is very difficult to
over the Gujarat region (northwest India; Region-6 in Fig. g)dlstlngwsh between the dust and ploud patches. Thys, only
on 7 June and reached its maximum on 8 June and reduced few days of IDDI data was available over the Indian re-
to background values in the next two days. Figure 17 showd!on during monsoon season. Over the Arabian and African
that variations in wind speed play an important role in these'®9i0ns, however, data were available. During and imme-
two dust episodes. The daily variations of IDDI correspond-d'_""tely after the monsoon rains, soil moisture |ncrea§ed and
ing to these two dust storms are shown in Fig. 18. In bothVind speed became low (Figs. 10 and 12). Thus, during Au-
cases dust levels decreased to normal values in two to thre@!St and September IDDI over the Indian arid and semiarid
days. regions were moderate (Fig. 19). Howeyer, from Figs. 15g, f
and 19, it can be seen that IDDI was high over the Arabian
Desert until November. From October onwards soil moisture
starts reducing and gradually dry conditions are back over
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Table 5. Comparison of Daily Maximum IDDI (K).

Month NE Africa Somalia Gujarat

1999 | 2003 | 1999 |2003 |1999 | 2003
Jan 108 | 135 | 114 | 141 5.8 5.9
Feb 5.9 84 7.1 9.6 5.2 10.0
Mar 103 | 11.2 | 123 | 123 1.7 12.3
Apr 102 | 129 | 104 | 131 6.7 114
May 99 | 122 | 103 | 121 | 158 | 9.7
Jun 127 | 125 | 132 | 124 | 156 | 110
Jul 114 9.8 121 | 102 | 132 | 134
Aug 85 13.0 95 12.8 9.8 14.2
Sep 9.6 9.2 10.6 9.5 160 | 121
Oct 140 | 109 | 144 | 105 6.0 6.1
Nov 84 | 128 | 94 | 129 | 106 | 53
Dec 5.8 114 6.3 11.8 6.2 8.0
Annua 98| 115| 106| 118 99| 100
Average
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Fig. 17. Daily average wind pattern corresponding to days of dust

storm shown in Fig. 13.
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Fig. 18. Daily IDDI values (K) estimated over Afghanistan and
Guijarat during a dust event.

the Indian deserts (Fig. 10). December was characterised by
low IDDI values (Fig. 19) all over the study region.

4.3 Difference between 1999 and 2003 dust episodes

Using METEOSAT IR radiance, IDDI images were con-
structed for all days of 1999 and 2003. A comparison be-
tween 1999 and 2003 was made. The METEOSAT-5 was
moved to the Indian Ocean region by the end of 1998. Since
full year data were available in 1999, we have used 1999
data to study dust aerosols. We have compared these results
with 2003, since 2003 was a year with alarge number of dust
storms based on meteorological department reports based on
visibility data.

Using daily noon-time IDDI images monthly mean images
were constructed. Since various regions act as a dust source
during different seasons, temporal variations of dust at var-
ious regions were studied separately. We examine the sea-
sonal variations in dust in the following seven regions, which
include both dry and vegetated (and moist) regions. Since
dust spatial distribution is highly uneven, we have selected
small regions (typically 5x5° boxes).

These seven regions are:

1. Arabian Desert-l (Saudi Arabia-I) (2N-24 N and
53’ E-58 E)

2. Arabian Desert-1l (Saudi Arabia-Il) (2N-24°N and
45° E-50 E)

3. Northeast (NE) Africa (5-10° N and 35 E-40 E)
4. Somalia (3—10° N and 43 E-48 E)

5. Indian Desert (Rajasthan) (28-30° N and 70 E—
76° E) (North West India)

6. Gujarat (22 N-25" N and 68 E-74 E) (Northwest In-
dia)

7. Central India (20N-25" N and 75 N-85’ E).
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Fig. 20. Temporal Variation of IDDI (K) (dashed lines) for 1999 (blue) and 2003 (red) over the Saudi Arabian DeSeéxt-g8 N and
19° E-24£ E). The solid lines represent a 15-day running average.

The boundaries of these regions are marked in Fig. 9 (vegetwo partly vegetated region (Regions-5 and 6 in Fig. 9). The
tation index maps). Thus, three boxes represent dry (no vegaumbers inside the boxes represent various regions, which
etation) regions (Regions-1, 2 and 4 in Fig. 9), two boxesare used subsequently in the discussions to identify regions.
represent vegetated regions (Regions-3 and 7 in Fig. 9) and
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1DDI (K)

Fig. 21. Temporal variation of IDDI (K) (dashed lines) for 1999 (blue) and 2003 (red) over northeast Africa and Rajasthan. The solid lines
represent a 15-day running average.

Figures 20 to 22 compare IDDI (daily values) in 1999 of ~18 K during April to July. Even in November few days
(blue) and 2003 (red), for five regions out of the seven con-show high IDDI, which could be due to short period dust
sidered. In Figs. 20 to 22, dashed lines correspond to dailyevents. An almost similar pattern was observed in 2003 but
values and the solid line represents the 15- day running avedust the load was slightly more, especially in April-May,
age. It was observed that most of the regions show a gener#lugust—September and December. The NE African region
tendency in seasonal pattern in IDDI, with maximum val- (excluding Somalia; Region-4 in Fig. 9) is not a dust source
ues during the May to August period. It was also observedbut it is adjacent to the Sahara and Sahel. This region shows
that for NE Africa a period of maximum IDDI is difficult to  the highest IDDI during April-May and August. As shown in
define. On a monthly or annual scale IDDI was higher in the upper panel of Fig. 21, IDDI values for 2003 are slightly
2003 by 2K (Tables 2 and 3). Another feature observed inhigher than that of 1999 (Table 3).
all regions was the high day-to-day variability in dust load.  Another region considered was the “Thar Desert” in
Quantitative comparison of IDDI between 1999 and 2003 isNorthwest India, which extends over the northwest part of
given in Tables 2 and 3. These tables provide comparison foRajasthan (locations defined earlier; Region-5 in Fig. 9). It
Saudi Arabia-1l and Somalia, which are not shown in Figs. 20receives very low annual rainfall and remains hot and dry
to 22. Tables 4 and 5 provide information on the maximumduring the daytime. The lower panel of Fig. 21 shows the
daily IDDI within each month. variation of the dust load over this region. Average IDDI in

Figure 20 shows the IDDI variation over the Arabian this region is nearly 8 K throughout the year, but the region
Desert (Saudi Arabia-I; Region-1 in Fig. 9) and it can be seenexperienced a number of dust storms in May, June and July.
that during March—April, June-July and September—OctobeAs a consequence, IDDI often reaches as high as 19K (rep-
IDDI reaches high values (in 1999), with the highest valueresenting a thick atmospheric dust layer).
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Fig. 22. Temporal variation of IDDI (K) (dashed lines) for 1999 (blue) and 2003 (red) over Gujarat and central India.

Over Gujarat (Region-6 in Fig. 9), the dust load increasesnot show any dust activity in January. High IDDI over North
in June, as shown in Fig. 22 (top panel), and the IDDI reachedndia disappears in February and only a few patches, indi-
a value as high as 16 K. Again, in September and Octobecating moderate dust load, were observed over central India,
high dust loading was observed. Central India (Region-7 inas well as Deccan Plateau of India, which gradually inten-
Fig. 9) can be considered as a vegetated region. The largestfied in March. The large IDDI observed over the Indo-
IDDI observed in this region was'13K. In summary, the Gangetic plains was discussed in Sect. 4.2.1, in conjunction
dust load was, in general, maximum during the May to Au- with Fig. 13. The band of large IDDI observed over the
gust period over most of the regions considered. The IDDIIndo-Gangetic plains, even on a monthly average scale (in
during this period was, on a monthly scale, higher in 2003January), indicates that this is a frequently occurring event.
compared to 1999 (Tables 2, 3, 4 and 5).

In March, IDDI started increasing until July. During June

Next, we consider the regional distribution of IDDI aver- and July high IDDI values were observed during 2003 over
aged over a month and show a comparison of 1999 and 200&rid and semiarid regions of India and adjacent regions. Dur-
Figures 23 to 26 show a comparison of IDDI between 1999ing June, the Thar Desert of India experienced a large number
and 2003 for the whole study area (023§ 30° E-100 E). of dust storms of various intensities, which resulted in a sig-
The number of days averaged per month was mostly 30 onificantly high IDDI, with the highest value in July over NE
31. But during the monsoon months, the number of daysAfrica. However, the Arabian Desert had the highest IDDI in
varies from 20 to 28 (data unavailability due to cloudy sky March (which was concentrated over the central part of Ara-
conditions). Over the northern part of India, along the Indo- bia). The IDDI was low in April 2003 but it appears that dust
Gangetic plain, an interesting feature with high IDDI values was spread all over the Arabian region. In July 2003, a part of
ranging between 6-12 K was observed in both years. Othethe Arabian region experienced a high dust load that slowly
parts of India, Saudi Arabia and the NE African regions did reduced in August. It is important to note that the difference
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Fig. 23. Regional distribution of IDDI (K) for January, February and March (1999 and 2003).
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Fig. 24. Regional distribution of IDDI (K) for April, May and June (1999 and 2003).
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Fig. 25. Regional distribution of IDDI (K) for July, August and September (1999 and 2003).
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Fig. 26. Regional distribution of IDDI (K) for October, November and December (1999 and 2003).
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in IDDI distribution (between 1999 and 2003) was dramatic Arimoto, R., Ray, B. J., Lewis, N. F., et al.: Mass-particle size dis-
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