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Abstract. Long-range transport of continental dust makes
these particles a significant constituent even at locations far
from their sources. It is important to study the temporal
variations in dust loading over desert regions and the role
of meteorology, in order to assess its radiative impact. In
this paper, infrared radiance (10.5–12.5µm), acquired by the
METEOSAT-5 satellite (∼5-km resolution) during 1999 and
2003 was used to quantify wind dependence of dust aerosols
and to estimate the radiative forcing. Our analysis shows that
the frequency of occurrence of dust events was higher dur-
ing 2003 compared to 1999. Since the dust production func-
tion depends mainly on the surface wind speed over regions
which are dry and without vegetation, the role of surface
wind on IDDI was examined in detail. It was found that an
increase of IDDI with wind speed was nearly linear and the
rate of increase in IDDI with surface wind was higher during
2003 compared to 1999. It was also observed that over the
Indian desert, when wind speed was the highest during mon-
soon months (June to August), the dust production rate was
lower because of higher soil moisture (due to monsoon rain-
fall). Over the Arabian deserts, when the wind speed is the
highest during June to August, the dust production rate is also
highest, as soil moisture is lowest during this season. Even
though nothing can be said precisely on the reason why 2003
had a greater number of dust events, examination of monthly
mean soil moisture at source regions indicates that the oc-
currence of high winds simultaneous with high soil moisture
could be the reason for the decreased dust production effi-
ciency in 1999. It appears that the deserts of Northwest India
are more efficient dust sources compared to the deserts of
Saudi Arabia and Northeast Africa (excluding Sahara). The
radiative impact of dust over various source regions is esti-
mated, and the regionally and annually averaged top of the
atmosphere dust radiative forcing (short wave, clear-sky and
over land) over the entire study region (0–35◦ N; 30◦–100◦ E)
was in the range of –0.9 to +4.5 W m−2. The corresponding
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values at the surface were in the range of –10 to –25 W m−2.
Our studies demonstrate that neglecting the diurnal variation
of dust can cause errors in the estimation of long wave dust
forcing by as much as 50 to 100%, and nighttime retrieval
of dust can significantly reduce the uncertainties. A method
to retrieve dust aerosols during nighttime is proposed. The
regionally and annually averaged long wave dust radiative
forcing was +3.4±1.6 W m−2.

Keywords. Atmospheric composition and structure
(Aerosols and particles; Transmission and scattering of
radiation) – History of Geophysics (Atmospheric sciences)

1 Introduction

Soil derived particles are among the largest aerosols, with
radii ranging from less than 0.1µm to∼100µm (Kalu, 1979;
Arimoto et al., 1995, 1997; Tanré et al., 2001; Prospero et al.,
2002). Particles larger than 5µm are present only in source
regions but particles in the size range 0.1 to 5µm are trans-
ported to large distances from their sources (Arimoto, 2001;
Prospero, 2001, 2003). The long-range transport of conti-
nental dust by the combined action of convection currents
and general circulation make these particles a significant con-
stituent even at locations far from their sources (Arimoto et
al., 2001; Zender et al., 2003; Ginoux et al., 2004). When the
wind pattern is favourable dust aerosols are transported over
the Atlantic Ocean and the Arabian Sea from the Sahara and
Arabian deserts, respectively, to reach far ocean locations,
thousands of kilometres away from their sources. There have
been a number of investigations in the literature regarding
the transport of aerosols from the continents to the ocean
(Bergametti et al., 1989; Arimoto et al., 1995; Gong et al.,
2003; Zender et al., 2003). Some of these authors found the
existence of Saharan dust even over the remote areas of the
Atlantic and Pacific Oceans (d’Almeida et al., 1991). Pros-
pero et al. (1970) traced the origin of a dust event at Barba-
dos (an island location in the Atlantic) to West Africa, with
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a transport time of∼5 days. The chemical analysis of ma-
rine aerosol samples collected over the Atlantic Ocean re-
vealed an African source (Bergametti et al., 1989). The ma-
jor source of mineral dust in Africa is the Sahara. Junge
(1972) estimated that 60 to 200 Tg of Saharan dust is gen-
erated over the Sahara and is transported each year, whereas
Duce et al. (1991) estimated that∼220 Tg of mineral dust is
transported to the North Atlantic each year. Thus, it is impor-
tant to quantify the dust loading over desert regions, in order
to assess its impact over other regions including oceans.

Many global models do not accurately simulate regional
distribution of dust due to their low grid resolution and the in-
accuracy of dust source function (Zender et al., 2003; Tegen
et al., 2004). To accurately predict the impact of dust on the
climate the spatial and temporal distribution of dust is essen-
tial (Tanŕe et al., 2003) The dust emission is usually calcu-
lated depending on the soil moisture, surface wind speed and
surface soil conditions (such as vegetated or bare soil) (Tegen
and Miller, 1998; Miller et al., 2004). The regional charac-
teristics of dust depend on these parameters. However, re-
gional characteristics of dust production and its dependence
on meteorological parameters are poorly understood (Sein-
feld et al., 2004). Previous investigations on dust aerosols
have shown that dust production depends on the surface wind
speed (Gillette et al., 1974). Recent studies have shown that
a fraction of the atmospheric dust originates from anthro-
pogenic activities (Satheesh and Moorthy, 2005). Thus, it is
essential to separate the anthropogenic component from the
naturally originated dust, due to changes in meteorological
conditions.

In Part I of this paper, satellite measured infrared (IR) ra-
diance acquired from METEOSAT-5 in the 10.5 to 12.5-µm
wavelength band (at∼5-km resolution) was used to retrieve
dust aerosol properties. The approach is based on Tanré and
Legrand (1991) and Legrand et al. (1994, 2001). An In-
fraRed Brightness Temperature (IRBT) depression caused by
the presence of dust aerosols in the atmosphere was used as
an index of dust load and is called the Infrared Difference
Dust Index (IDDI). The IDDI images were created using Ra-
diometric Counts (RC) from METEOSAT-5. Radiometric
Counts were converted into radiance and then radiance data
were converted into brightness temperature (IRBT) using an
inverse Planck Function. This IRBT formed the “original
image”, which contains all the radiative information about
the surface and the atmosphere. The next step was to create
“reference image” representing clear-sky conditions for con-
secutive, non-overlapping periods, whose durations are short
enough to eliminate the seasonal effects but long enough to
ensure that the clear-sky or near clear-sky conditions exist
for at least one measurement for each pixel. The purpose of
the “reference image” is to separate the land effect from the
“original image”. A 15-day reference period was used. The
“difference image” represents features of clouds and dust
patterns separated from the permanent surface features. This
was obtained by subtracting the individual day “original im-
age” (or IRBT) from the “reference image” for that period.
The “difference image” after cloud-screening (using spatial

coherence method) provided the IDDI image.
In Part I, regional characteristics of dust aerosols during

two years, 1999 and 2003, was discussed. It was observed
that dust activity starts by March over the Indian deserts, as
well as over the deserts of Africa and the Arabian regions.
The IDDI reaches a maximum during the period between
May to August. The IDDI values have been compared with
another year (i.e. 2003), with a large number of dust storms
reported by meteorological departments based on visibility
data. During the dry season, the magnitude of the monthly
average IDDI during 2003 was slightly higher than that of
1999. Monthly mean IDDI was in the range from 4 to 9
over the Indian deserts, as well as over the deserts of Africa.
The maximum IDDI during a month was as high as in the
range from 6 to 18. Large IDDI was observed even over veg-
etated regions (such as the vegetated part of Africa and cen-
tral India), attributed to the presence of transported dust from
nearby deserts. In this paper (Part II), we examine in detail
the role of surface wind speed on IDDI over regions which
are dry and without vegetation. Estimates of short wave dust
radiative forcing were made. We also present a method to
retrieve dust aerosol properties during the nighttime and dis-
cuss its implications to long wave radiative forcing.

2 Results and discussion

2.1 Quantification of wind dependence of IDDI

The discussions in the Companion Paper have shown that
dust load during 2003 was slightly higher compared to
1999. In order to examine this aspect in more detail, five
out of seven regions in Part I were considered. These are
Saudi Arabia-I, Saudi Arabia-II, Somalia, Rajasthan and
NE Africa. Thus, the regions considered include four dry
(and without vegetation) and one vegetated region. While
monthly mean IDDI values are representative of the average
dust load, it does not provide any information on the number
of dust events. It is possible that a large number of moder-
ate dust events and fewer intense dust events result in similar
monthly mean IDDI. In these two cases, however, the radia-
tive impact of dust is different because in one case, there is a
persistent dust load, whereas in the second case the dust load
is shooting up only occasionally. Thus, it is essential to ex-
amine the number of dust events. The best and most common
way of defining a dust event is by applying a threshold value
for IDDI (Leon and Legrand, 2003). In our study we have
used an IDDI value of 8 K to define a dust event. A region
which experienced an IDDI of 8 K or more (on a daily ba-
sis) was considered as having encountered a dust event. The
percentage of occurrence of IDDI>8 K experienced in the
Saudi Arabian region (SA-1; Region-1 in Fig. 9 of Part I)
for all of 1999 and 2003 is shown in Fig. 1 (top panel). It
can be seen that in January to May, the frequency of oc-
currence of dust events was significantly high during 2003
compared to 1999. After May, there was no systematic dif-
ference. It is known that the most fundamental parameter
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Fig. 1. The percentage of occurrence with IDDI > 8 K and wind speed U> 5 m s-1 over
Saudi Arabia-I.

Fig. 1. The percentage of occurrence with IDDI>8 K and wind
speed U>5 m s−1 over Saudi Arabia.

on which the dust production rate depends is surface wind
speed (Gillette, 1979). To examine the role of surface winds
(U), we have also plotted in Fig. 1 (bottom panel), the fre-
quency of occurrence of high winds (U>5 m s−1). The wind
speed data was obtained from NCEP/NCAR reanalysis (de-
scribed in Part I). We have used 5 m s−1 because this is close
to the mean wind observed over the study region. Similarly,
IDDI of 8 K is close to the mean IDDI observed over the
study region. While there were no systematic differences in
the frequency of occurrence of high winds between the two
years, March and April 2003 experienced a much higher fre-
quency of high winds compared to the corresponding months
in 1999. The frequency of occurrence of high winds cor-
responding to Saudi Arabia-I, NE Africa and Rajasthan is
given in Table 1.

The percentage of occurrence of IDDI>8 K experienced
in NE Africa for all months of 1999 and 2003 is shown in
Fig. 2 (top panel). It can be seen that in more than six months,
the frequency of occurrence of dust events was significantly
high during 2003 compared to 1999. The frequency of occur-
rence of high winds is also shown in Fig. 2 (bottom panel).
There was practically no high wind except in February, April
and May. The only periods when this region experienced
high winds were February and May 1999.

Table 1. Comparison of Frequency of Occurrence of Wind (%).
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Table-1. Comparison of Frequency of Occurrence of Wind (%)

Saudi Arabia NE Africa RajasthanMonth

1999 2003 1999 2003 1999 2003

Jan 26.0 13.5 0.0 0.0 0.0 0.0

Feb 33.4 23.4 24.2 0.0 3.5 13.8

Mar 32.5 60.3 0.0 0.0 30.1 10.0

Apr 22.5 37.3 06 0.0 50.3 6.7

May 32.6 26.3 03 0.0 60.2 33.3

Jun 26.7 22.4 0.0 0.0 63.3 43.3

Jul 55.4 10.4 0.0 0.0 60.0 20.0

Aug 49.5 27.3 0.0 0.0 65.4 50.0

Sep 18.6 13.6 0.0 0.0 30.4 13.3

Oct 22.4 0.0 0.0 0.0 0.0 0.0

Nov 8.3 18.2 0.0 0.0 3.5 0.0

Dec 14.8 24.2 0.0 0.0 0.0 0.0

Average 28.6 23.1 2.8 0.0 30.5 15.9

Table-2. Regression Parameters of Wind Dependence

Slope / Exponent Intercept Correlation CoefficientLocation

1999 2003 1999 2003 1999 2003

SA-1 0.46 (0.11) 0.69 (0.15) 3.2 3.5 0.43 0.54

SA-2 0.53 (0.12) 0.63 (0.14) 3.0 3.9 0.46 0.62

Rajasthan 0.49 (0.12) 1.58 (0.24) 4.9 2.4 0.25 0.68

Somalia 0.31 (0.09) 0.39 (0.10) 3.8 3.5 0.31 0.38

NE Africa --- --- --- --- -0.09 -0.12

A similar analysis was made for the Rajasthan region, as
well. The percentage of occurrence of IDDI>8 K experi-
enced at Rajasthan for all of 1999 and 2003 is shown in
Fig. 3 (top panel). Again, the frequency of occurrence of
dust events was significantly high during 2003 compared to
1999. The frequency of occurrence of high winds (Fig. 3,
bottom panel), however, shows that in 1999 the occurrences
of high wind were greater. In summary, the above analysis
indicates that even though the occurrence of dust events was
more in 2003 compared to 1999, there were no systematic
differences in the occurrences of surface wind speed between
the two years. It may be noted, however, from Figs. 1, 2 and
3, that except over NE Africa, the seasonal changes in fre-
quency of the occurrence of high wind speed and IDDI are
somewhat correlated. For example, in Saudi Arabia, when
a high IDDI peak occurred around March–April 2003, the
wind speed also showed a similar pattern. In 1999, however,
there was no such correlation. In Rajasthan, the occurrence
of a high IDDI and the wind speed shows a similar pattern in
2003. In 1999, however, there was no such correlation. Thus,
it is certain that at least in 2003 surface winds have played a
role in the observed variations in dust load. To examine this
aspect, we show in Figs. 4, 5 and 6 the daily IDDI and wind
speed for Saudi Arabia-I, NE Africa and Rajasthan, respec-
tively. The solid lines represent a 10-day running average.

The following can be noted from Figs. 4 to 6:

– In Saudi Arabia, IDDI and surface winds show some-
what similar variations.

– In NE Africa, IDDI and surface winds show opposite
trends in both years.

– In Rajasthan, IDDI and surface winds show opposite
trends in 1999 while somewhat similar variations in
2003.
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Fig. 2. The percentage of occurrence with IDDI > 8 K and wind speed U > 5 m s-1 over NE
Africa.

Fig. 2. The percentage of occurrence with IDDI>8 K and wind
speed U>5 m s−1 over NE Africa.

To quantify these aspects we show scatter plots of daily
IDDI versus wind speed for Saudi Arabia-I, NE Africa and
Rajasthan for 1999 and 2003 (Figs. 7, 8 and 9). We have used
a threshold wind of 0.5 m s−1 for studying dust production,
since even at low winds dust aerosols are produced. Inves-
tigations in the past have reported that the threshold wind
speed required for dust production starts at 4 m s−1 (Helgren
and Prospero, 1987; Nickling and Gillies, 1989). However,
studies carried out later have shown that wind speed as low as
0.5 m s−1 is capable of transporting the mineral dust particles
in the atmosphere as large as 2µm in size (McTainsh, 1980;
d’Almeida et al., 1991). Fitzgerald (1991) has shown that
threshold wind speed required for sea salt production over the
ocean is 3 m s−1. They found that the threshold wind speed
needed for sea salt production is much larger compared to
the threshold for dust production over the deserts. The rea-
son is that over deserts loose dust is available at the surface
for transport by winds while over oceans droplets need to be
produced first before they become air-borne. Thus, 0.5 m s−1

appears more reasonable as a threshold for dust production.
However, we have attempted a higher value of the threshold,
as well (discussed later). The purpose of the IDDI versus
wind plot is to study the rate of increase of IDDI with wind.

34

Fig. 3. The percentage of occurrence with IDDI > 8 K and wind speed U> 5 m s-1

over Rajasthan.

Fig. 3. The percentage of occurrence with IDDI>8 K and wind
speed U>5 m s−1 over Rajasthan.

Here (Figs. 7, 8 and 9), we did not use IDDI below 2 K, since
the influence of other factors, such as water vapour, can be
as large as 2 K. In Figs. 7, 8 and 9, we did not use IDDI from
moist season. Similar analysis was carried out for Somalia
and Saudi Arabia-II (both dry regions), as well. The equa-
tion representing the linear fitted line is also shown in the
corresponding figures. Regression coefficients are provided
in Table 2, corresponding to five regions. Here, the slope of
the line represents the rate of increase of IDDI with an in-
crease in wind speed, and the intercept is a measure of the
background dust load. In addition to linear fit, we have also
made exponential fit to IDDI versus wind variation. These
coefficients are also provided (in brackets) in Table 2.

The following can be noted from Figs. 7 to 9 and Table 2.
The points with a vertical bar represent bin average (with bin
width of 1 m s−1) and the vertical bar represents the standard
deviation.

– The IDDI and wind speed show a high correlation
in Saudi Arabia-I, Saudi Arabia-II, Somalia and Ra-
jasthan, but not in NE Africa. One possibility is that
while the first four regions are the dust sources, the
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Fig. 4. Daily IDDI and wind speed (dashed lines) for Saudi Arabia-I. Solid line represents
10 day running average.Fig. 4. Daily IDDI and wind speed (dashed lines) for Saudi Arabia. Solid line represents 10-day running average.

large dust load experienced in NE Africa could be due to
transported dust, not locally produced dust. Vegetation
index maps discussed in Part I support this conclusion.

– The rate of increase of IDDI with wind speed was higher
during 2003 compared to 1999 in Saudi Arabia-I, Saudi
Arabia-II, Somalia and Rajasthan.

– It appears that Rajasthan is a more efficient dust source
than Saudi Arabia, as can be inferred from the slope of
the fitted line (Table 2). The slope was 1.58 K s m−1

for the Rajasthan region (during 2003) while it was
0.69 K s m−1 (during 2003) for the Saudi Arabian re-
gion. One reason for this could be due to the fact that
while Saudi Arabia is always dry (as seen from soil

moisture distribution shown in Part I), the Rajasthan re-
gion experiences periodic dry and wet conditions due
to monsoon rainfall. This might enhance the grinding
process and result in more loose soil at the surface. The
slope (Table 2) was still lower (0.39 K s m−1) for Soma-
lia.

– The IDDI corresponding to background dust (as in-
ferred from the intercept of the fitted line) was in the
range of 3 to 5 K in the case when all five regions were
considered.

We have also attempted a higher threshold (4 m s−1) for dust
production (in the case of Saudi Arabia-I and Rajasthan), as
suggested earlier by a few investigators (e.g. Helgren and
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Fig. 5. Daily IDDI and wind speed (dashed lines) for NE Africa. Solid line represents 10
day running average.

Fig. 5. Daily IDDI and wind speed (dashed lines) for NE Africa. Solid line represents 10-day running average.

Prospero, 1987; Nickling and Gillies, 1989). The slope (lin-
ear fit) for 1999 (and 2003) for Saudi Arabia-I was 0.88 (1.4)
and that for Rajasthan was 1.1 (1.9).

Another factor which controls the dust production rate is
the soil moisture distribution. The difference in soil mois-
ture (from NCEP/NCAR) between 2003 and 1999 for all
months is shown in Figs. 10 and 11. Even though nothing
can be said precisely, examination of the individual region’s
monthly mean soil moisture distribution in both years indi-
cates that the occurrence of high winds simultaneous with
high soil moisture (could be due to rainfall) could be the rea-
son for a decreased dust production efficiency in 1999.

2.2 Short-wave radiative forcing due to dust

For absorbing aerosols like dust, radiative forcing at the sur-
face differs substantially from its value at the Top Of the at-
mosphere (TOA) and the climate response depends not only
upon the TOA forcing, but its difference with respect to the
surface value, which represents radiative heating within the
atmosphere (Satheesh and Ramanathan, 2000; Miller et al.,
2004). Surface forcing alters evaporation and the hydrologic
cycle. Studies have shown that while global evaporation
and precipitation are reduced in response to surface radiative
forcing by dust, precipitation increases locally over desert re-
gions, so that dust emission can act as a negative feedback to
desertification (Miller et al., 2004).
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Fig. 6. Daily IDDI and wind speed (dashed lines) for Rajasthan. Solid line represents 10
day running average.

Fig. 6. Daily IDDI and wind speed (dashed lines) for Rajasthan. Solid line represents 10-day running average.

We have examined the impact of dust aerosols and other
aerosol species on infrared radiation in Part I of this paper,
using a four-component aerosol system consists of mineral
dust, sea salt, soot and sulphate. The optical properties of dif-
ferent aerosol species were obtained from Hess et al. (1998)
and Kaufman et al. (2001). We have shown that when the
dust optical depth at 0.5µm is 1.0, the dust optical depth in
IR (at 11µm) is around 0.33, which is higher than all other
species. The second highest contributor to infrared optical
depth was sea salt, which has an optical depth of 0.06 at
11µm, which is much lower compared to the dust optical
depth. The sulphate and soot have much lower optical depths
at 11µm. This demonstrates that the mineral dust is the only

aerosol species over land regions which can influence the in-
frared radiation significantly.

Dust aerosols are significant contributors to radiative
warming below 500 mb, due to short-wave absorption (Mo-
halfi et al., 1998; Alpert et al., 1998; Miller and Tegen, 1999).
Typically, dust approximately doubles the short-wave radia-
tion absorption under clear-sky conditions (Tegen and Miller,
1998). Tegen and Fung (1994) have shown that dust from
disturbed soil causes a net cooling at the surface, accompa-
nied by an increase in atmospheric heating. The reduction
of solar radiation reaching the Earth’s surface, as a result of
scattering and absorption by dust aerosols, reduces the sen-
sible heat flux (Satheesh and Ramanathan, 2000). This is
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Fig. 7.  Scatter plot of daily IDDI versus wind speed for Saudi Arabia-I. The Points with
vertical bar represent bin average and vertical bar represent standard deviation.

Fig. 7. Scatter plot of daily IDDI versus wind speed for Saudi Ara-
bia. The solid line represents linear least-squares fit to the data
points.

balanced by the radiative heating of dust aerosols at low lev-
els. The dust aerosols over the Arabian Sea warm the lev-
els between 800 and 600 hPa (∼0.2 K per day) and cool the
lower levels during the daytime (Alpert et al., 1998; Mohalfi
et al., 1998). Thus, the presence of dust transported over
oceans intensifies a low-level inversion, which, in turn, af-
fects the stability of the atmosphere (Miller and Tegen, 1999;
Mohalfi et al., 1998).

The monthly mean IDDI values were estimated for all
seven representative regions defined in Part I (Saudi Arabia-
I, 19◦ N–24◦ N and 53◦ E–58◦ E; Saudi Arabia-II, 19◦ N–
24◦ N and 45◦ E–50◦ E; NE Africa, 5◦–10◦ N, 35◦ E–40◦ E;
Somalia, 5◦–10◦ N and 43◦ E–48◦ E; Indian Desert (Ra-
jasthan), 25◦ N–30◦ N, 70◦ E–76◦ E; Gujarat, 21◦ N–25◦ N,
68◦ E–76◦ E; Central India, 25◦ N–30◦ N, 75◦ N–85◦ E). The
monthly mean IDDI was in the range of 3 to 9 (Tables 3 and
4). The regional average of the entire region considered in
this study (0–35◦ N; 30◦ E–100◦ E) (annually averaged over
land only) was 5.7±1.2. By its omnipresence, the desert
aerosol can cause a significant impact on the atmospheric ra-
diation. Mineral dust aerosols constitute a major fraction of

39

Fig. 8. Scatter plot of daily IDDI versus wind speed for NE Africa.

R = - 0.09

R = - 0.12

Fig. 8. Scatter plot of daily IDDI versus wind speed for NE Africa.
The solid line represents linear least-squares fit to the data points.

global aerosol abundance and have an important role in reg-
ulating global climate (Prospero et al., 2002; Christopher et
al., 2003; Tanŕe et al., 2003). However, the optical and radia-
tive properties of dust (on a large spatial scale) are not known
precisely, due to a lack of an adequate database (Seinfeld et
al., 2004). The radiative effects of dust depend strongly on
Single Scattering Albedo (SSA), which, in turn, depends on
the complex refractive index. The SSA of dust reported by
various studies, however, shows discrepancies (Deepshikha
et al., 2005). Recent studies have shown that the refractive
indices used for dust aerosols in global models are not ac-
curate. For example, Kaufman et al. (2001), using remote
sensing, inferred the SSA of the Saharan dust as 0.97 at
0.55µm. The studies on the Saharan dust by Haywood et
al. (2003) have shown that the SSA of dust at 0.55µm is
in the range of 0.95 to 0.99. Here, we have used dust op-
tical properties reported by Hess et al. (1998) and Kaufman
et al. (2001) and incorporated them in a Discrete Ordinate
Radiative Transfer (RT) model developed by the University
of Santa Barbara (SBDART) (Ricchiazzi et al., 1998), to es-
timate the aerosol impact (forcing) on the short-wave (SW)
fluxes (see Satheesh et al., 1999 for details). Using these data
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on dust optical properties we have modeled IDDI as a func-
tion of dust optical depth. Here, IDDI was estimated (us-
ing SBDART) for each optical depth value. An example of
change in IRBT as a function of dust optical depth, estimated
using dust properties reported by Hess et al. (1998), is shown
in Fig. 12. We have then used the relation between IDDI and
optical depth (Fig. 12) to estimate dust optical depth from
IDDI. The visible optical depth was about three times larger
compared to the optical depth at 11µm. The surface temper-
ature is obtained from IRBT as a reference temperature. Two
cases are considered here and are represented as Forcing-1
(correspond to SSA∼0.82; based on Hess et al., 1998) and
Forcing-2 (correspond to SSA∼0.97; based on Kaufman et
al., 2001). The surface reflection in all these cases were ob-
tained from MODIS Albedo Product (MODIS/Terra Albedo;
16-Day; Level-3 Global 1-km Grid). The monthly mean
IDDI values estimated for the four regions are shown in
Fig. 13 and for all regions in Tables 3 and 4. The dust op-
tical depth and optical properties were incorporated in the
radiative transfer model (SBDART) and estimated SW radia-
tive forcing. The SW dust forcing at the top of the atmo-
sphere thus estimated for the four locations is also shown in
Fig. 13 and for all regions in Table 5. The regionally and
annually averaged SW dust forcing (clear-sky) at the top of
the atmosphere over the entire study region (0–35◦ N; 30◦ E–
100◦ E) was in the range from –0.9 to +4.5 W m−2 (Table 5),
and surface radiative forcing was in the range from –10 to –
25 W m−2 (Table 6). The values shown in Table 6 show that
single scattering albedo has a significant role in determin-
ing the forcing. Over regions such as central India, where
dust and anthropogenic aerosols are plenty, the possibility of
an internal mixture is quite high. Chandra et al. (2004) have
shown that when black carbon aerosols accumulate over dust,
the composite aerosol absorption further increases (SSA de-
creases).

2.3 Nighttime retrieval of dust aerosols: implications on
LW radiative forcing

It is typical to use visible wavelengths to retrieve aerosols,
using remote sensing (Kaufman et al., 1997). Remote sens-
ing over deserts using visible wavelengths is complicated due
to the high and varying surface reflection properties of land.
Recently, Hsu et al. (2004) has demonstrated that aerosol op-
tical depths can be derived using MODIS data over bright
surfaces. Martonchik et al. (2004) has compared MISR
derived optical depths with those measured by AERONET
sites over deserts and found agreement. Visible wavelengths,
however, provide data only during the daytime. There are in-
stances when it is essential to monitor dust loading continu-
ously. Hence, IR remote sensing provides an excellent oppor-
tunity for continuous dust aerosol retrieval. The METEOSAT
provides infrared radiance data every half an hour, covering
day and night. A typical set of three hourly reference images
is shown in Fig. 14. The time marked in Fig. 14 is Indian
Standard Time (IST). The diurnal variation of IRBT is clearly
visible in Fig. 14. Over the Arabian deserts, IRBT changes

40

Fig. 9. Scatter plot of daily IDDI versus wind speed for Rajasthan. The Points with vertical
bar represent bin average and vertical bar represent standard deviation.

Fig. 9. Scatter plot of daily IDDI versus wind speed for Rajasthan.
The solid line represents linear least-squares fit to the data points.

from 295 K (early morning) to 325 K (noon) in a day. Thus,
for a given dust load, its radiative impact changes as IRBT
changes with time. To study this effect, sensitivity studies
have been carried out. We considered the desert model of
Hess et al. (1998) for this purpose. Using model simulations,
we show in Fig. 15 the effect of surface temperature on dust-
induced reduction in IRBT. It can be seen that for the same
dust optical depth, as surface temperature changes, reduction
in IRBT also changes. This implies that the quantitative as-
sessment of dust load inferred from infrared data needs to be
corrected for the surface temperature effect. Note that this
correction is required to convert nighttime IDDI to “equiva-
lent noontime” IDDI. However, for estimation of LW radia-
tive forcing this correction is not needed.

When extending the IDDI method to the daily cycle, we
have pointed out the fact that the large diurnal surface tem-
perature amplitude involves a change in the IRBT depletion
at the TOA for a fixed dust amount (Fig. 15). In fact, things
are somewhat more complex. The dust radiative impact in-
volves temperature changes, mainly at the surface, resulting,
in turn, in variations of the IRBT at the TOA and of the IDDI.
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Table 2. Regression parameters of wind dependence.

26

Table-1. Comparison of Frequency of Occurrence of Wind (%)

Saudi Arabia NE Africa RajasthanMonth

1999 2003 1999 2003 1999 2003

Jan 26.0 13.5 0.0 0.0 0.0 0.0

Feb 33.4 23.4 24.2 0.0 3.5 13.8

Mar 32.5 60.3 0.0 0.0 30.1 10.0

Apr 22.5 37.3 06 0.0 50.3 6.7

May 32.6 26.3 03 0.0 60.2 33.3

Jun 26.7 22.4 0.0 0.0 63.3 43.3

Jul 55.4 10.4 0.0 0.0 60.0 20.0

Aug 49.5 27.3 0.0 0.0 65.4 50.0

Sep 18.6 13.6 0.0 0.0 30.4 13.3

Oct 22.4 0.0 0.0 0.0 0.0 0.0

Nov 8.3 18.2 0.0 0.0 3.5 0.0

Dec 14.8 24.2 0.0 0.0 0.0 0.0

Average 28.6 23.1 2.8 0.0 30.5 15.9

Table-2. Regression Parameters of Wind Dependence

Slope / Exponent Intercept Correlation CoefficientLocation

1999 2003 1999 2003 1999 2003

SA-1 0.46 (0.11) 0.69 (0.15) 3.2 3.5 0.43 0.54

SA-2 0.53 (0.12) 0.63 (0.14) 3.0 3.9 0.46 0.62

Rajasthan 0.49 (0.12) 1.58 (0.24) 4.9 2.4 0.25 0.68

Somalia 0.31 (0.09) 0.39 (0.10) 3.8 3.5 0.31 0.38

NE Africa --- --- --- --- -0.09 -0.12
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Fig. 10. The difference in soil moisture between 2003 and 1999.Fig. 10. The difference in soil moisture between 2003 and 1999 (January to June).

At noon, the main effect is the surface cooling due to the
large fraction of solar radiation backscattered to space (it can
be typically 5 K for a unit optical depth). But during the night
the surface effect is a heating due to the “greenhouse effect”
of dust (similar to the effect of a nocturnal cloud cover weak-
ening the surface cooling to space). If dust is in the boundary
layer, this surface effect is the main one and dust is viewed
from space as a hot patch: in such a case the so-called IDDI
would be negative. This nocturnal behavior of dust has been

confirmed with observations (Legrand et al., 1989) and anal-
ysed with simulations (Legrand et al. 1992). When dust lay-
ers are low, the above situation generally holds true. On the
other hand, for elevated dust layers, this surface heating will
vanish and the space observation of dust will turn to be an
IRBT depletion, because the dust layer is then colder than
the surface. But even in such cases, the daylight cooling is
zero.
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Fig. 11. The difference in soil moisture between 2003 and 1999.Fig. 11. The difference in soil moisture between 2003 and 1999 (July to December).

Table 3. Comparison of monthly mean IDDI (K).
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Table-3. Comparison of Monthly Mean IDDI (K)

Saudi Arabia-I Saudi Arabia-II RajasthanMonth

1999 2003 1999 2003 1999 2003

Jan 4.0 ± 1.9 4.4 ± 2.3 4.3 ± 1.7 6.0 ± 2.1 6.1 ± 1.9 5.3 ± 2.2

Feb 4.6 ± 1.9 5.6 ± 3.4 5.5 ± 1.6 6.7 ± 1.8 6.2 ± 2.5 6.5 ± 3.8

Mar 5.5 ± 2.1 6.7 ± 3.6 6.6 ± 1.9 8.2 ± 2.7 6.4 ± 3.2 5.7 ± 2.5

Apr 4.9 ± 1.9 7.3 ± 3.9 5.5 ± 2.0 7.8 ± 2.4 4.1 ± 1.6 6.5 ± 3.2

May 5.0 ± 3.0 6.3 ± 2.8 6.1 ± 2.2 6.6 ± 2.5 8.7 ± 3.8 7.4 ± 3.5

Jun 4.5 ± 1.6 5.6 ± 2.6 4.3 ± 1.7 5.2 ± 1.9 7.3 ± 3.4 8.5 ± 3.1

Jul 5.3 ± 1.9 6.9 ± 2.6 4.5 ± 1.6 5.8 ± 1.8 8.6 ± 4.4 9.3 ± 3.5

Aug 4.1 ± 0.9 6.3 ± 3.7 3.9 ± 1.3 6.3 ± 2.6 6.4 ± 3.9 7.3 ± 2.7

Sep 5.1 ± 0.7 5.3 ± 1.5 3.8 ± 1.4 5.6 ± 1.6 5.7 ± 2.3 7.0 ± 2.8

Oct 5.0 ± 1.0 5.8 ± 2.6 3.5 ± 1.1 5.7 ± 1.8 4.4 ± 2.5 3.8 ± 2.1

Nov 3.7 ± 1.5 4.3 ± 1.9 3.7 ± 1.2 4.5 ± 1.6 3.5 ± 1.8 4.2 ± 2.3

Dec 2.5 ± 0.6 4.7 ± 2.5 2.7 ± 0.8 4.6 ± 1.8 3.8 ± 1.9 3.7 ± 2.6

Annual
Average

4.5 ± 0.84 5.8 ± 1.0 4.6 ± 1.0 6.1 ± 1.1 5.9 ± 1.7 6.3 ± 1.8
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Fig. 12. Change in IRBT as a function of dust optical depth at 11 µm. Here, dust aerosol
model of Hess et al. (1998) was used.
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Fig. 12. Change in IRBT as a function of dust optical depth at
11µm. Here, dust aerosol model of Hess et al. (1998) was used.

The apparent issue in these circumstances is that the IDDI
algorithm, valid for daytime, will no longer hold during the
night (because dust is then hotter than the theoretical dust-
free reference, while clouds are colder). The daytime IDDI
algorithm will eliminate clouds and keep with the most dust
cases. A possible solution is to re-order the steps of daytime
algorithm. We have made an attempt based on the following
steps.

1. Follow the daytime IDDI algorithm: Create “reference
image” representing the hottest pixels.

2. Create “difference image” and then use it for cloud iden-
tification and masking.

3. Apply the cloud mask to the original IRBT images.

4. Apply the IDDI algorithm again, but with the “mini-
mum reference”.

An example of nighttime IDDI images constructed following
the above procedure is shown in Fig. 16. It may be noted that
while using the “minimum” reference method for retrieval
of IDDI during the night, IDDI is negative. In Fig. 16 we
show the absolute value of IDDI. These images correspond
to the images shown in Fig. 16 of Part I. The dust cloud ob-
served during the noontime images (Fig. 16 of Part I) is also
observed in the nighttime images. A typical example of di-
urnal variation of IRBT and IDDI (for 5 May 1999) is shown
in Fig. 17 at two locations, Rajasthan (marked as Raj. in the
figure) in Northwest India and Saudi Arabia-I (marked as SA
in the figure). The diurnal (3-hourly) variation of IDDI ob-
served during May 1999 is shown in Fig. 18. Figures 17
and 18 indicate that there is a significant diurnal variation in
the dust. A detailed analysis in this regard suggests that the
maximum dust load occurs during the daytime. The maxi-
mum change in IDDI is as much as a factor of three between
daytime and nighttime, and factor of two variations are com-
monly observed. This observation has a consequent impact
on its long-wave radiative forcing. During daytime, when

Table 4. Comparison of monthly mean IDDI (K).
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Table-4. Comparison of Monthly Mean IDDI (K)

NE Africa SomaliaMonth

1999 2003 1999 2003

Jan 4.9 ± 2.9 6.1 ± 2.8 4.4 ± 2.5 5.9 ± 2.6

Feb 4.2 ± 1.7 6.0 ± 2.2 5.2 ± 1.8 5.6 ± 2.3

Mar 6.7 ± 2.0 7.2 ± 2.1 6.4 ± 1.6 6.9 ± 2.0

Apr 7.0 ± 2.6 8.5 ± 2.4 6.8 ± 2.2 7.8 ± 2.1

May 6.4 ± 2.3 6.8 ± 2.1 6.2 ± 2.5 7.2 ± 1.9

Jun 6.1 ± 2.3 7.5 ± 2.0 6.4 ± 2.6 8.1 ± 2.2

Jul 8.0 ± 1.9 7.6 ± 1.7 8.3 ± 2.4 9.0 ± 2.7

Aug 6.6 ± 1.9 8.0 ± 2.5 7.1 ± 2.1 7.3 ± 2.6

Sep 5.8 ± 1.7 6.5 ± 1.4 6.0 ± 1.8 6.7 ± 2.1

Oct 7.3 ± 2.6 6.1 ± 1.7 6.3 ± 2.1 6.4 ± 1.9

Nov 4.8 ± 1.6 6.3 ± 2.6 5.8 ± 1.4 6.5 ± 2.5

Dec 3.1 ± 1.1 6.4 ± 3.3 3.4 ± 1.3 6.8 ± 2.4

Annual

Average

5.9 ±1.4 6.9 ± 0.8 6.0 ± 1.3 7.0 ± 1.0

surface temperature is maximum, the dust load is also maxi-
mum while at night surface temperature decreases,as well as
the dust load. To demonstrate this fact, we show in Fig. 19
the effect of surface temperature on OLR and long-wave ra-
diative forcing. Case-1 and Case-2 represent two different
cases of dust loading, which differ by a factor of three. Case-
1 corresponds to a desert aerosol with a visible optical depth
of 1.0. Sensitivity studies carried out in this regard have in-
dicated that neglecting the diurnal variation in dust loading
results in errors in the estimate of long-wave radiative by
forcing as much as 50 to 100%. During the dry season over
source regions long-wave radiative forcing was as high as
+10 to +15 W m−2. The regionally (0–35◦ N; 30◦ E–100◦ E)
and annually averaged long-wave dust radiative forcing was
+3.4±1.6 W m−2.

Liao and Seinfeld (1998) examined global mean radiative
forcing by mineral dust aerosols in short-wave and long-
wave regions, using a 1-D column radiation model. They
estimated clear-sky, short-wave radiative forcing at TOA as
–2 W m−2 at low surface reflection (∼0.1), and +2 W m−2 at
high surface reflection (∼0.5). They also observed that un-
like scattering aerosols, such as sea salt, dust radiative forc-
ing depends on the surface reflection and the altitude at which
the dust layer is located. Clear-sky, long-wave radiative forc-
ing at TOA was in the range of +0.2 to +1.0 W m−2. These
results are consistent with Tegen and Lacis (1996) and Tegen
et al. (1997).

3 Conclusions

– The frequency of dust events was higher during 2003
compared to 1999.
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Fig. 13. Monthly mean IDDI and SW dust radiative forcing at four regions estimated using
two different dust optical properties reported earlier.

Fig. 13.Monthly mean IDDI and SW dust radiative forcing at four representative regions estimated using two different dust optical properties
reported earlier.

Table 5. SW dust radiative forcing at top of the atmosphere for 1999.
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Table-5. SW Dust Radiative Forcing at Top of the Atmosphere for 1999

IDDI (K) SW Dust Radiative Forcing (W m-2)

July Dec. Ann. Mean

Location

July Dec. Ann.
Mean F-1 F-2 F-1 F-2 F-1 F-2

Saudi Arabia-I 5.3 2.5 4.5 +4.1 -0.8 +2.0 -0.3 +3.6 -0.6

Saudi Arabia-II 4.3 2.7 4.6 +3.3 -0.6 +2.1 -0.4 +3.7 -0.6

NE Africa 8.0 3.1 5.9 +6.2 -1.3 +2.4 -0.5 +4.6 -1.0

Somalia 8.3 3.4 6.9 +6.4 -1.4 +2.7 -0.5 +5.1 -1.3

C. India 8.4 2.8 5.6 +6.6 -1.4 +2.2 -0.5 +4.4 -0.9

Rajasthan 8.6 3.8 5.9 +6.7 -1.5 +3.0 -0.6 +4.6 -1.0

Gujarat 9.1 2.9 5.3 +7.0 -1.6 +2.3 -0.5 +4.1 -0.9

Regional
Average*

7.7 3.0 5.7 +6.0 -1.3 +2.3 -0.5 +4.5 -0.9

*  Over the region covered by 0-35°N;30°E-100°E; land only

Table-6. SW Dust Radiative Forcing at the Surface for 1999

SW Dust Surface Radiative Forcing (W m-2)

July Dec. Ann. Mean

Location

F-1 F-2 F-1 F-2 F-1 F-2
Saudi Arabia-I -21.4 -12.9 -11.0 -6.6 -18.4 -11.1

Saudi Arabia-II -18.2 -10.7 -12.8 -6.5 -17.4 -10.4

NE Africa -31.0 -16.0 -11.4 -7.2 -22.6 -12.3

Somalia -34.2 -17.7 -12.6 -7.7 -24.6 -16.5

C. India -32.6 -18.9 -11.2 -6.3 -24.4 -11.6

Rajasthan -35.4 -19.4 -15.2 -8.6 -22.6 -14.3

Gujarat -37.4 -20.5 -11.6 -6.5 -21.2 -12.9

Regional
Average*

-32.8 -17.3 -12.0 -6.8 -22.8 -11.8

*  Over the region covered by 0-35°N;30°E-100°E; land only
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Fig. 14. A typical set of three-hourly reference images (in K). The time marked in figure is
Indian standard time (IST).
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Fig. 14. A typical set of three-hourly reference images (in K). The time marked in figure is Indian Standard Time (IST).

Table 6. SW dust radiative forcing at the surface for 1999.
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Table-5. SW Dust Radiative Forcing at Top of the Atmosphere for 1999

IDDI (K) SW Dust Radiative Forcing (W m-2)

July Dec. Ann. Mean

Location

July Dec. Ann.
Mean F-1 F-2 F-1 F-2 F-1 F-2

Saudi Arabia-I 5.3 2.5 4.5 +4.1 -0.8 +2.0 -0.3 +3.6 -0.6

Saudi Arabia-II 4.3 2.7 4.6 +3.3 -0.6 +2.1 -0.4 +3.7 -0.6

NE Africa 8.0 3.1 5.9 +6.2 -1.3 +2.4 -0.5 +4.6 -1.0

Somalia 8.3 3.4 6.9 +6.4 -1.4 +2.7 -0.5 +5.1 -1.3

C. India 8.4 2.8 5.6 +6.6 -1.4 +2.2 -0.5 +4.4 -0.9

Rajasthan 8.6 3.8 5.9 +6.7 -1.5 +3.0 -0.6 +4.6 -1.0

Gujarat 9.1 2.9 5.3 +7.0 -1.6 +2.3 -0.5 +4.1 -0.9

Regional
Average*

7.7 3.0 5.7 +6.0 -1.3 +2.3 -0.5 +4.5 -0.9

*  Over the region covered by 0-35°N;30°E-100°E; land only

Table-6. SW Dust Radiative Forcing at the Surface for 1999

SW Dust Surface Radiative Forcing (W m-2)

July Dec. Ann. Mean

Location

F-1 F-2 F-1 F-2 F-1 F-2
Saudi Arabia-I -21.4 -12.9 -11.0 -6.6 -18.4 -11.1

Saudi Arabia-II -18.2 -10.7 -12.8 -6.5 -17.4 -10.4

NE Africa -31.0 -16.0 -11.4 -7.2 -22.6 -12.3

Somalia -34.2 -17.7 -12.6 -7.7 -24.6 -16.5

C. India -32.6 -18.9 -11.2 -6.3 -24.4 -11.6

Rajasthan -35.4 -19.4 -15.2 -8.6 -22.6 -14.3

Gujarat -37.4 -20.5 -11.6 -6.5 -21.2 -12.9

Regional
Average*

-32.8 -17.3 -12.0 -6.8 -22.8 -11.8

*  Over the region covered by 0-35°N;30°E-100°E; land only

– The increase in IDDI with wind speed was nearly linear
and the rate of increase was higher during 2003 com-
pared to 1999 over all the dry regions considered.

– Over the Indian deserts, when the wind speed was the
highest during the monsoon months (June to August),
the dust production rate was lower because of higher
soil moisture (due to monsoon rainfall).

– Over the deserts of Saudi Arabia, when the wind speed
was the highest during June to August, the dust produc-
tion rate was also the highest, as soil moisture was the
lowest during this season.

– It appears that the deserts in Northwest India are more
efficient dust sources compared to Saudi Arabia and
Africa (excluding Sahara).

– The radiative impact of dust over various source regions
is estimated, and the regionally and annually averaged
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Fig. 15. The effect of surface temperature on reduction of IRBT (i.e., IDDI) estimated for
two different optical depths.  Here, desert aerosol model of Hess et al. (1998) was used.
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Fig. 15. The effect of surface temperature on reduction of IRBT
(i.e. IDDI) estimated for two different optical depths. Here, desert
aerosol model of Hess et al. (1998) was used. The IDDI is in K.
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Fig. 16. Nighttime image of dust event. Here IDDI is in K.
Fig. 16. Nighttime image of dust event. The IDDI is in K.
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Fig. 15. 
Fig. 17. A typical example of diurnal variation of IRBT and IDDI at two
representative regions; Rajasthan (Raj. in plot) and Saudi Arabia (SA in plot).

Fig. 17. A typical example of diurnal variation of IRBT (K) and
IDDI (K) at two representative regions; Rajasthan (Raj. in plot) and
Saudi Arabia (SA in plot) (for 5 May 1999).
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Fig. 18. Diurnal variation of IDDI for May 1999.
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Fig. 19(a) Effect of surface temperature on OLR (b) Effect of surface temperature on long
wave radiative forcing. Here, case-1 and case-2 correspond to aerosol optical depths 1.0
and 0.33 respectively. Desert aerosol model of Hess et al. (1998) was used.
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Fig. 19. (a)Effect of surface temperature on OLR(b) Effect of sur-
face temperature on long wave radiative forcing. Here, case-1 and
case-2 correspond to aerosol optical depths 1.0 and 0.33, respec-
tively. Desert aerosol model of Hess et al. (1998) was used.

dust radiative forcing (short-wave, clear-sky and over
land) was in the range of –0.9 to +4.5 W m−2. The cor-
responding values at the surface were in the range of 10
to 25 W m−2.

– A method to retrieve dust aerosols during nighttime has
been proposed.

– Our studies demonstrate that neglecting the diurnal vari-
ation of dust causes errors in the estimate of long-wave
dust forcing by as much as 50 to 100%, and nighttime
retrieval of dust can significantly reduce the uncertain-
ties.

– The long-wave dust radiative forcing was as high as +10
to +15 W m−2, with a regionally and annually averaged
value of +3.4±1.6 W m−2.
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