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Abstract. Long-range transport of continental dust makes values at the surface were in the range of —10 to —25W%.m
these particles a significant constituent even at locations faOur studies demonstrate that neglecting the diurnal variation
from their sources. It is important to study the temporal of dust can cause errors in the estimation of long wave dust
variations in dust loading over desert regions and the roleorcing by as much as 50 to 100%, and nighttime retrieval
of meteorology, in order to assess its radiative impact. Inof dust can significantly reduce the uncertainties. A method
this paper, infrared radiance (10.5-1218), acquired by the to retrieve dust aerosols during nighttime is proposed. The
METEQOSAT-5 satellite £¢5-km resolution) during 1999 and regionally and annually averaged long wave dust radiative
2003 was used to quantify wind dependence of dust aerosolforcing was +3.4-1.6 W ni 2.

and to estimate the radiative forcing. Our analysis shows thake words. At heri i 4 struct
the frequency of occurrence of dust events was higher dur- y orls. mosp .elrlc. composition — an structure f
ing 2003 compared to 1999. Since the dust production func_(Ae_rogo S anq particles; Tran_sm|55|on and _scat_terlng °
. . ; . “radiation) — History of Geophysics (Atmospheric sciences)
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 theq |ntroduction

rate of increase in IDDI with surface wind was higher during

2003 compared to 1999. It was also observed that over theoi derived particles are among the largest aerosols, with
Indian desert, when wind speed was the highest during monradii ranging from less than 0zm to~100.m (Kalu, 1979;

soon months (June to August), the dust production rate wagrimoto et al., 1995, 1997; Taéret al., 2001; Prospero etal.,
lower because of higher soil moisture (due to monsoon rain2002). Particles larger thanén are present only in source
fa”) Over the Arabian deserts, when the wind Speed is thQ‘egionS but partic|es in the size range 0.1 t@rﬁ are trans-
highest during June to August, the dust production rate is alsorted to large distances from their sources (Arimoto, 2001;
highest, as soil moisture is lowest during this season. Evelprospero, 2001, 2003). The long-range transport of conti-
though nothing can be said precisely on the reason why 2003ental dust by the combined action of convection currents
had a greater number of dust events, examination of monthlynd general circulation make these particles a significant con-
mean soil moisture at source regions indicates that the oCstituent even at locations far from their sources (Arimoto et
currence of high winds simultaneous with high soil moisture 51 2001; Zender et al., 2003; Ginoux et al., 2004). When the
could be the reason for the decreased dust production effiyind pattern is favourable dust aerosols are transported over
ciency in 1999. It appears that the deserts of Northwest Indighe Atlantic Ocean and the Arabian Sea from the Sahara and
are more efficient dust sources compared to the deserts Qfrabian deserts, respectively, to reach far ocean locations,
Saudi Arabia and Northeast Africa (excluding Sahara). Thethousands of kilometres away from their sources. There have
radiative impact of dust over various source regions is estiheen a number of investigations in the literature regarding
mated, and the regionally and annually averaged top of thehe transport of aerosols from the continents to the ocean
atmosphere dust radiative forcing (short wave, clear-sky anqgergametti et al., 1989; Arimoto et al., 1995; Gong et al.,
over land) over the entire study region (023§ 30°-100 E)  2003; Zender et al., 2003). Some of these authors found the
was in the range of ~0.9 to +4.5Wh The corresponding  existence of Saharan dust even over the remote areas of the
Atlantic and Pacific Oceans (d’Almeida et al., 1991). Pros-
Correspondence tdS. K. Satheesh pero et al. (1970) traced the origin of a dust event at Barba-
(satheesh@caos.iisc.ernet.in) 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- coherence method) provided the IDDI image.
rine aerosol samples collected over the Atlantic Ocean re- In Part |, regional characteristics of dust aerosols during
vealed an African source (Bergametti et al., 1989). The matwo years, 1999 and 2003, was discussed. It was observed
jor source of mineral dust in Africa is the Sahara. Jungethat dust activity starts by March over the Indian deserts, as
(1972) estimated that 60 to 200 Tg of Saharan dust is genwell as over the deserts of Africa and the Arabian regions.
erated over the Sahara and is transported each year, wherefise IDDI reaches a maximum during the period between
Duce et al. (1991) estimated thaR20 Tg of mineral dustis May to August. The IDDI values have been compared with
transported to the North Atlantic each year. Thus, itis impor-another year (i.e. 2003), with a large number of dust storms
tant to quantify the dust loading over desert regions, in orderreported by meteorological departments based on visibility
to assess its impact over other regions including oceans.  data. During the dry season, the magnitude of the monthly
Many global models do not accurately simulate regionalaverage IDDI during 2003 was slightly higher than that of
distribution of dust due to their low grid resolution and the in- 1999. Monthly mean IDDI was in the range from 4 to 9
accuracy of dust source function (Zender et al., 2003; Tegemver the Indian deserts, as well as over the deserts of Africa.
et al., 2004). To accurately predict the impact of dust on theThe maximum IDDI during a month was as high as in the
climate the spatial and temporal distribution of dust is essenrange from 6 to 18. Large IDDI was observed even over veg-
tial (Tane et al., 2003) The dust emission is usually calcu- etated regions (such as the vegetated part of Africa and cen-
lated depending on the soil moisture, surface wind speed anttal India), attributed to the presence of transported dust from
surface soil conditions (such as vegetated or bare soil) (Tegenearby deserts. In this paper (Part Il), we examine in detail
and Miller, 1998; Miller et al., 2004). The regional charac- the role of surface wind speed on IDDI over regions which
teristics of dust depend on these parameters. However, reare dry and without vegetation. Estimates of short wave dust
gional characteristics of dust production and its dependenceadiative forcing were made. We also present a method to
on meteorological parameters are poorly understood (Seinretrieve dust aerosol properties during the nighttime and dis-
feld et al., 2004). Previous investigations on dust aerosolguss its implications to long wave radiative forcing.
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-2 Results and discussion
pogenic activities (Satheesh and Moorthy, 2005). Thus, it is
essential to separate the anthropogenic component from th2.1 Quantification of wind dependence of IDDI
naturally originated dust, due to changes in meteorological
conditions. The discussions in the Companion Paper have shown that
In Part | of this paper, satellite measured infrared (IR) ra-dust load during 2003 was slightly higher compared to
diance acquired from METEOSAT-5 in the 10.5 to 12.6% 1999. In order to examine this aspect in more detail, five
wavelength band (at5-km resolution) was used to retrieve out of seven regions in Part | were considered. These are
dust aerosol properties. The approach is based oreBard  Saudi Arabia-lI, Saudi Arabia-ll, Somalia, Rajasthan and
Legrand (1991) and Legrand et al. (1994, 2001). An In-NE Africa. Thus, the regions considered include four dry
fraRed Brightness Temperature (IRBT) depression caused bgand without vegetation) and one vegetated region. While
the presence of dust aerosols in the atmosphere was used amnthly mean IDDI values are representative of the average
an index of dust load and is called the Infrared Differencedust load, it does not provide any information on the number
Dust Index (IDDI). The IDDI images were created using Ra- of dust events. It is possible that a large number of moder-
diometric Counts (RC) from METEOSAT-5. Radiometric ate dust events and fewer intense dust events result in similar
Counts were converted into radiance and then radiance dataonthly mean IDDI. In these two cases, however, the radia-
were converted into brightness temperature (IRBT) using artive impact of dust is different because in one case, there is a
inverse Planck Function. This IRBT formed the “original persistent dust load, whereas in the second case the dust load
image”, which contains all the radiative information about is shooting up only occasionally. Thus, it is essential to ex-
the surface and the atmosphere. The next step was to creasénine the number of dust events. The best and most common
“reference image” representing clear-sky conditions for con-way of defining a dust event is by applying a threshold value
secutive, non-overlapping periods, whose durations are shofor IDDI (Leon and Legrand, 2003). In our study we have
enough to eliminate the seasonal effects but long enough tased an IDDI value of 8K to define a dust event. A region
ensure that the clear-sky or near clear-sky conditions existvhich experienced an IDDI of 8 K or more (on a daily ba-
for at least one measurement for each pixel. The purpose ddis) was considered as having encountered a dust event. The
the “reference image” is to separate the land effect from thepercentage of occurrence of IDBI8 K experienced in the
“original image”. A 15-day reference period was used. TheSaudi Arabian region (SA-1; Region-1 in Fig. 9 of Part I)
“difference image” represents features of clouds and dusfor all of 1999 and 2003 is shown in Fig. 1 (top panel). It
patterns separated from the permanent surface features. Thisin be seen that in January to May, the frequency of oc-
was obtained by subtracting the individual day “original im- currence of dust events was significantly high during 2003
age” (or IRBT) from the “reference image” for that period. compared to 1999. After May, there was no systematic dif-
The “difference image” after cloud-screening (using spatialference. It is known that the most fundamental parameter
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Percentage of Occurrence with IDDI =8 K and Table 1. Comparison of Frequency of Occurrence of Wind (%).
Wind Speed = 5m s! over S Arabian Region
Sl R g Month | Saudi Arabia NE Africa Rajasthan
45 1999 [2003 [1999 [2003 1999 [ 2003
01999 m 2003

< 04 Jan 26.0 135 |00 0.0 0.0 0.0
® 35 4 Feb 334 [234 [242 00 35 138
o 30 - Mar 325 [603 |00 0.0 30.1 10.0
a
< 251 Apr 225 |[373 |06 0.0 503 |67
® 20 - May 326 |[263 |03 0.0 602 [333
g 15 | aun 267 |224 |00 0.0 633 | 433
E
§ 10 | 2l 55.4 104 |00 0.0 600 [200
o 4| Aug 495 [273 |00 0.0 654 |500

§ Sep 1856 136 |00 0.0 304 |133

Oct 224 |00 0.0 0.0 0.0 0.0

_ 70 Nov 83 182 |00 0.0 35 0.0
E 60 EA993 m2009 Dec 148 [242 |00 0.0 0.0 0.0
n 50 | Average | 28.6 231 28 0.0 30.5 15.9
M
w0
= 40
) - . . .
© 30 1 A similar analysis was made for the Rajasthan region, as
® 20 well. The percentage of occurrence of IDE8K experi-
§ 10 4 enced at Rajasthan for all of 1999 and 2003 is shown in
o . 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
on which the dust production rate depends is surface win y y 9

. ! . , that except over NE Africa, the seasonal changes in fre-
speed (Gillette, 1979). To examine the role of surface wmdsquency of the occurrence of high wind speed and IDDI are
(U), we have also plotted in Fig. 1 (bottom panel), the fre-

. : . somewhat correlated. For example, in Saudi Arabia, when
quency of occurrence of high winds @5 m s1). The wind P

. ; a high IDDI peak occurred around March—April 2003, the
speed data was obtained from NCEP/NCAR reanalysis (de: . | h imil tt In1 h
scribed in Part I). We have used 5 misbecause this is close wind speed also showed a similar pattern. In 1999, however,

to the mean wind observed over the study region. Similarly there was no such correlation. In Rajasthan, the occurrence
. ) 'of a high IDDI and the wind speed shows a similar pattern in
IDDI of 8K is close to the mean IDDI observed over the g P P

2003. In 1999, however, there was no such correlation. Thus,

sr:udfy reglon. th'le there weref ﬂ.o sysfce(;natt;c d|fferer;]ces Nit is certain that at least in 2003 surface winds have played a
the frequency of occurrence of high winds between the tWOrole in the observed variations in dust load. To examine this

years, March and April 2003 experienced a much higherfre'aspect, we show in Figs. 4, 5 and 6 the daily IDDI and wind

quency of high winds compared to the corresponding monthsspeed for Saudi Arabia-l, NE Africa and Rajasthan, respec-

in 1999. The frequency of occurrence of high winds cor- . Co -
. . : . X ._tively. The solid lines represent a 10-day running average.
responding to Saudi Arabia-l, NE Africa and Rajasthan is Vel 1 P y running averag

given in Table 1.

The percentage of occurrence of IDBBK experienced

in NE Africa for all months of 1999 and 2003 is shown in  — In Saudi Arabia, IDDI and surface winds show some-
Fig. 2 (top panel). It can be seen that in more than six months, ~ What similar variations.

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  — In Rajasthan, IDDI and surface winds show opposite
and May. The only periods when this region experienced trends in 1999 while somewhat similar variations in
high winds were February and May 1999. 2003.

J F M A MJ J A S O N D
Months

Fig. 1. The percentage of occurrence with IDEBK and wind
speed B-5ms~1 over Saudi Arabia.

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

— In NE Africa, IDDI and surface winds show opposite
trends in both years.
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Per centage of Occurrence with IDDI =8 K and Per centage of Occurrence with IDDI =8 K and
Wind Speed = 5 m s over NE Africa Wind Speed > 3m 5! over Rajasthan
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Fig. 2. The percentage of occurrence with IDEBK and wind WERine

speed B-5ms1 over NE Africa. _ _ _
Fig. 3. The percentage of occurrence with IDEBK and wind

speed B-5ms1 over Rajasthan.

To quantify these aspects we show scatter plots of daily

IDDI versus wind speed for Saudi Arabia-I, NE Africa and pgre (Figs. 7, 8 and 9), we did not use IDDI below 2 K, since
Rajasthan for 1999 and 2003 (Figs. 7, 8 and 9). We have useghe influence of other factors, such as water vapour, can be
a threshold wind of Q.5 mrs for studying dust production, as large as 2 K. In Figs. 7, 8 and 9, we did not use IDDI from
since even at low winds dust aerosols are produced. Invesyist season. Similar analysis was carried out for Somalia
tigations |n_the past have repolrted that the threshold windynq saudi Arabia-Il (both dry regions), as well. The equa-
speed required fordgst'pro'ducUon starts at 4f(slelgren oy representing the linear fitted line is also shown in the
and Prospero, 1987; Nickling and Gillies, 1989). However, corresponding figures. Regression coefficients are provided

studies carried out later have shown that wind speed as low &g, Taple 2 corresponding to five regions. Here, the slope of
0.5ms*is capable of transporting the mineral dust particlesihe jine represents the rate of increase of IDDI with an in-

ir] the atmosphere as large agi in size (McTainsh, 1980;  ¢rease in wind speed, and the intercept is a measure of the
d’Almeida et al., 1991). Fitzgerald (1991) has shown thatyackground dust load. In addition to linear fit, we have also
threshold Wlndlspeed required for sea salt production over the,ade exponential it to IDDI versus wind variation. These
ocean is 3ms". They found that the threshold wind speed ¢qefficients are also provided (in brackets) in Table 2.
needed for sea salt product|oln is much larger compared to The following can be noted from Figs. 7 to 9 and Table 2.
the threshold for dust production over the deserts. The reaTpe points with a vertical bar represent bin average (with bin

son is that over deserts loose dust is available at the surfacgiqinh of 1 m s'1) and the vertical bar represents the standard
for transport by winds while over oceans droplets need to bgjeyiation.

produced first before they become air-borne. Thus, 0.5'ms

appears more reasonable as a threshold for dust production.— The IDDI and wind speed show a high correlation

However, we have attempted a higher value of the threshold, in Saudi Arabia-lI, Saudi Arabia-Il, Somalia and Ra-

as well (discussed later). The purpose of the IDDI versus jasthan, but not in NE Africa. One possibility is that

wind plot is to study the rate of increase of IDDI with wind. while the first four regions are the dust sources, the
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Saudi Arabhia
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Fig. 4. Daily IDDI and wind speed (dashed lines) for Saudi Arabia. Solid line represents 10-day running average.

moisture distribution shown in Part 1), the Rajasthan re-
gion experiences periodic dry and wet conditions due
to monsoon rainfall. This might enhance the grinding
) L ) process and result in more loose soil at the surface. The
- Thg rate of increase of IDDI Wlth. wind speed was h|gher_ slope (Table 2) was still lower (0.39 K sTh) for Soma-
during 2003 compared to 1999 in Saudi Arabia-1, Saudi lia.
Arabia-1l, Somalia and Rajasthan.

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

. , . — The IDDI corresponding to background dust (as in-

— Itappears that Rajasthan is a more efficient dust source  forreq from the intercept of the fitted line) was in the

than Saudi Arabia, as can be inferred from the slope of range of 3 to 5K in the case when all five regions were
the fitted line (Table 2). The slope was 1.58 Ksm considered.

for the Rajasthan region (during 2003) while it was
0.69K snt! (during 2003) for the Saudi Arabian re- We have also attempted a higher threshold (4 ) for dust

gion. One reason for this could be due to the fact thatproduction (in the case of Saudi Arabia-I and Rajasthan), as
while Saudi Arabia is always dry (as seen from soil suggested earlier by a few investigators (e.g. Helgren and
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NE Africa
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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- 2.2 Short-wave radiative forcing due to dust

ear fit) for 1999 (and 2003) for Saudi Arabia-I was 0.88 (1.4)

and that for Rajasthe_m was 1.1 (1.9). . ._For absorbing aerosols like dust, radiative forcing at the sur-
Another factor which controls the dust production rate is . : .

) ) T X . : .~ face differs substantially from its value at the Top Of the at-
the soil moisture distribution. The difference in soil mois- mosphere (TOA) and the climate response depends not onl
ture (from NCEP/NCAR) between 2003 and 1999 for all To°P : nmate response dep y

. L . upon the TOA forcing, but its difference with respect to the
months is shown in Figs. 10 and 11. Even though nothing . . . -
. . o S . Zsurface value, which represents radiative heating within the
can be said precisely, examination of the individual region’s A
. ) o . . atmosphere (Satheesh and Ramanathan, 2000; Miller et al.,
monthly mean soil moisture distribution in both years indi- . : :
. . : ... 2004). Surface forcing alters evaporation and the hydrologic
cates that the occurrence of high winds simultaneous with . : .
) : . : cycle. Studies have shown that while global evaporation
high soil moisture (could be due to rainfall) could be the rea- L . .
) . . and precipitation are reduced in response to surface radiative
son for a decreased dust production efficiency in 1999. . L
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.

We have examined the impact of dust aerosols and otheaerosol species over land regions which can influence the in-
aerosol species on infrared radiation in Part | of this paperfrared radiation significantly.
using a four-component aerosol system consists of mineral o ) o
dust, sea salt, soot and sulphate. The optical properties of dif- DUSt aerosols are significant contributors to radiative
ferent aerosol species were obtained from Hess et al. (1998yarming below 500 mb, due to short-wave absorption (Mo-
and Kaufman et al. (2001). We have shown that when the@lfi etal., 1998; Alpertetal., 1998; Miller and Tegen, 1999).
dust optical depth at 0/8m is 1.0, the dust optical depth in TYPically, dust approximately doubles the short-wave radia-
IR (at 11..m) is around 0.33, which is higher than all other tion absorption under clear-sky conditions (Tegen and Miller,
species. The second highest contributor to infrared opticalt998). Tegen and Fung (1994) have shown that dust from
depth was sea salt, which has an optical depth of 0.06 afliSturbed soil causes a net cooling at the surface, accompa-
11um, which is much lower compared to the dust optical nied by an increase in _atmospherlc heating. The reduction
depth. The sulphate and soot have much lower optical depth@f solar radiation reaching the Earth’s surface, as a result of

at 11um. This demonstrates that the mineral dust is the onlyScattering 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 Ara- Fig. 8. Scatter plot of daily IDDI versus wind speed for NE Africa.
bia. The solid line represents linear least-squares fit to the datdhe solid line represents linear least-squares fit to the data points.

points.

global aerosol abundance and have an important role in reg-

balanced by the radiative heating of dust aerosols at low levyating global climate (Prospero et al., 2002; Christopher et
els. The dust aerosols over the Arabian Sea warm the levy|  2003: Tank et al., 2003). However, the optical and radia-
els between 800 and 600 hPaQ.2K per day) and cool the tjve properties of dust (on a large spatial scale) are not known
lower levels during the daytime (Alpert et al., 1998; Mohalfi precisely, due to a lack of an adequate database (Seinfeld et
et al, 1998). Thus, the presence of dust transported oves|., 2004). The radiative effects of dust depend strongly on
oceans intensifies a low-level inVerSion, WhiCh, in tum, af- S|ng|e Scattering Albedo (SSA), WhiCh, in turn, depends on
fects the stability of the atmosphere (Miller and Tegen, 1999ithe complex refractive index. The SSA of dust reported by
Mohalfi et al., 1998). various studies, however, shows discrepancies (Deepshikha

The monthly mean IDDI values were estimated for all et al., 2005). Recent studies have shown that the refractive
seven representative regions defined in Part | (Saudi Arabiaindices used for dust aerosols in global models are not ac-
[, 19°N-24 N and 53 E-58 E; Saudi Arabia-1l, 19N— curate. For example, Kaufman et al. (2001), using remote
24° N and 45 E-50 E; NE Africa, 5-10° N, 35° E-40 E; sensing, inferred the SSA of the Saharan dust as 0.97 at
Somalia, 5-10 N and 43 E-48 E; Indian Desert (Ra- 0.55um. The studies on the Saharan dust by Haywood et
jasthan), 25N-30° N, 70° E-76 E; Gujarat, 21 N-25 N, al. (2003) have shown that the SSA of dust at uBbis
68° E-76 E; Central India, 25N-3C® N, 75> N-85 E). The  in the range of 0.95 to 0.99. Here, we have used dust op-
monthly mean IDDI was in the range of 3 to 9 (Tables 3 andtical properties reported by Hess et al. (1998) and Kaufman
4). The regional average of the entire region considered iret al. (2001) and incorporated them in a Discrete Ordinate
this study (0—35N; 30° E-100 E) (annually averaged over Radiative Transfer (RT) model developed by the University
land only) was 5.#1.2. By its omnipresence, the desert of Santa Barbara (SBDART) (Ricchiazzi et al., 1998), to es-
aerosol can cause a significant impact on the atmospheric raimate the aerosol impact (forcing) on the short-wave (SW)
diation. Mineral dust aerosols constitute a major fraction offluxes (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

Rajasthan 1999

71

20

IDDI=0.49U + 4.9 o

R=0.25

change in IRBT as a function of dust optical depth, estimated 1 o 3
using dust properties reported by Hess et al. (1998), is showr
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

]
G
o
o
o
o Bo
o & oo

compared to the optical depth at ifn. The surface temper- Sod

ature is obtained from IRBT as a reference temperature. Two sfdos q | 8
cases are considered here and are represented as Forcing Sfoé” o o
(correspond to SSA0.82; based on Hess et al., 1998) and o%ﬂ ioo

Forcing-2 (correspond to SS20.97; based on Kaufman et
al., 2001). The surface reflection in all these cases were ob-
tained from MODIS Albedo Product (MODIS/Terra Albedo; 0 2 4 6 8
16-Day; Level-3 Global 1-km Grid). The monthly mean Rajasthan 2003

IDDI values estimated for the four regions are shown in

Fig. 13 and for all regions in Tables 3 and 4. The dust op- 20
tical depth and optical properties were incorporated in the 18 | 1PDI=1.58 U + 2.4
16

radiative transfer model (SBDART) and estimated SW radia-

tive forcing. The SW dust forcing at the top of the atmo- — 14 7

sphere thus estimated for the four locations is also shown in=< 12

Fig. 13 and for all regions in Table 5. The regionally and @ 10 |

annually averaged SW dust forcing (clear-sky) at the top of @ 8 7

the atmosphere over the entire study region (0-N8530° E—

100° E) was in the range from —0.9 to +4.5 W(Table 5),

and surface radiative forcing was in the range from —10 to —

25W n 2 (Table 6). The values shown in Table 6 show that 0 ' ‘ ‘ ' ' ‘ ‘

single scattering albedo has a significant role in determin- 0 1 2 3 4 5 6 7 8

ing the forcing. Over regions such as central India, where Wind Speed (m 5-1)

dust and anthropogenic aerosols are plenty, the possibility of

Z‘EJCJE;E; vrcgggrslilgggrebzlr?gler((:)r;?)?sdz;icesritI(aztg(())‘\l/)e?:\ljes?g' 9. $cgtter plot of daily_ IDDI versus wind speed for Rajasthan.
. . . he solid line represents linear least-squares fit to the data points.

the composite aerosol absorption further increases (SSA de-

creases).

2.3 Nighttime retrieval of dust aerosols: implications on from 295K (early morning) to 325K (noon) in a day. Thus,
LW radiative forcing for a given dust load, its radiative impact changes as IRBT

changes with time. To study this effect, sensitivity studies
It is typical to use visible wavelengths to retrieve aerosols,have been carried out. We considered the desert model of

using remote sensing (Kaufman et al., 1997). Remote send-€ss et a]. (1_998) for this purpose. Using model simulations,
ing over deserts using visible wavelengths is complicated dud/e Show in Fig. 15 the effect of surface temperature on dust-
to the high and varying surface reflection properties of land.induced reduction in IRBT. It can be seen that for the same
Recently, Hsu et al. (2004) has demonstrated that aerosol orgiust optical depth, as surface temperature changes, reduction
tical depths can be derived using MODIS data over brighti” IRBT also changes. This implies that the quantitative as-
surfaces. Martonchik et al. (2004) has compared MiSRrSessment of dust load inferred from infrared data needs to t_)e
derived optical depths with those measured by AERONETcorrectgd f_or the _surface temperature effect. Note tha}t this
sites over deserts and found agreement. Visible wavelength§0rrection is required to convert nighttime IDDI to “equiva-
however, provide data only during the daytime. There are in/€nt noontime” IDDI. However, for estimation of LW radia-
stances when it is essential to monitor dust loading continuive forcing this correction is not needed.

ously. Hence, IR remote sensing provides an excellent oppor- When extending the IDDI method to the daily cycle, we
tunity for continuous dust aerosol retrieval. The METEOSAT have pointed out the fact that the large diurnal surface tem-
provides infrared radiance data every half an hour, coveringperature amplitude involves a change in the IRBT depletion
day and night. A typical set of three hourly reference imagesat the TOA for a fixed dust amount (Fig. 15). In fact, things
is shown in Fig. 14. The time marked in Fig. 14 is Indian are somewhat more complex. The dust radiative impact in-
Standard Time (IST). The diurnal variation of IRBT is clearly volves temperature changes, mainly at the surface, resulting,
visible in Fig. 14. Over the Arabian deserts, IRBT changesin turn, in variations of the IRBT at the TOA and of the IDDI.
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Table 2. Regression parameters of wind dependence.

Dust aerosols over India from METEOSAT infrared radiance — Part ||

30N
20N
10N

JANUARY

Location Slope / Exponent Intercept Correlation Coefficient
1999 2003 1999 2003 1999 2003
SA-1 0.46 (0.11) | 0.69 (0.15) | 3.2 35 0.43 054
SA-2 0.53(0.12) | 0.63(0.14) | 3.0 39 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 35 0.31 0.38
NE Africa | --- -0.09 -0.12
Diff. Surface Soil Moisture (fraction)

FEBRUARY

EQ

30N
20N
10N

EQ

30N
20N

N

60E

90E 30E 60E 90E

—0.1-0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12

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 theconfirmed with observations (Legrand et al., 1989) and anal-
large fraction of solar radiation backscattered to space (it calysed with simulations (Legrand et al. 1992). When dust lay-
be typically 5 K for a unit optical depth). But during the night ers are low, the above situation generally holds true. On the
the surface effect is a heating due to the “greenhouse effectdther hand, for elevated dust layers, this surface heating will
of dust (similar to the effect of a nocturnal cloud cover weak- vanish and the space observation of dust will turn to be an
ening the surface cooling to space). If dust is in the boundaryyRBT depletion, because the dust layer is then colder than
layer, this surface effect is the main one and dust is viewedhe surface. But even in such cases, the daylight cooling is
from space as a hot patch: in such a case the so-called IDDz#ero.

would be negative. This nocturnal behavior of dust has been
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Diff. Surface Soil Moisture (fraction)
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Fig. 11. The difference in soil moisture between 2003 and 1999 (July to December).

Table 3. Comparison of monthly mean IDDI (K).

Month Saudi Arabiarl Saudi Arabiarll Rajasthan
1999 2003 1999 2003 1999 2003

Jan 40+19 44+23 43+17 60+21 6.1+19 53+22
Feb 46+19 56+34 55+16 6.7+18 6.2+25 65+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 61+22 6.6+25 87+38 74+35
Jun 45+16 56+26 43+ 17 52+19 73+34 85+31
Jul 53+19 6.9+26 45+16 5818 8644 93+35
Aug 41+0.9 6.3+37 39+13 6.3+26 6.4+39 7327
Sep 5107 53+15 3814 5616 57+23 70+28
Oct 5010 58+26 35+11 57+18 44+25 3821
Nov 3715 43+19 37+12 45+16 35+18 42+23
Dec 2506 47+25 27+08 46+18 3819 3726
Annual 45+0.84 58+1.0 46+10 61+11 5917 6318
Average
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9 Table 4. Comparison of monthly mean IDDI (K).
8 [
< 7 . Month NE Africa Somalia
b6 . 1999 2003 1999 2003
x
= 57 oo . Jan 49+29 6128 | 44£25 59+26
—_ i .0
o 4 o Feb 42+17 6.0£2.2 52+18 56+23
c 3 A °
g oot Mar 67t20 | 72%21 | 64%16 | 69%20
U T L]
1 - o Apr 70+26 | 85+24 | 6822 | 7.8+21
L]
0 . . . . ; May 64+23 6.8+21 6.2+ 25 7.2+19
0.0 01 0.2 03 04 0.5 0.6 Jun 6123 75+20 64+26 81+22
Dust AOD (11.0 mm) aul 80+ 19 76+17 83+24 | 9027
Aug 6.6+ 1.9 80+25 71+21 73+26
Fig. 12. Change in IRBT as a function of dust optical depth at Y 65114 50718 67121
11um. Here, dust aerosol model of Hess et al. (1998) was used. Sep T T o ST
Oct 73+26 61+17 63+21 64+19
_ _ _ _ Nov 48+16 6.3+26 58+14 | 65+25
Thg appare.nt issue in these _cwcumstances is thaF the IDDI Dec 31311 54733 34713 68124
algorithm, valid for daytime, will no longer hold during the
night (because dust is then hotter than the theoretical dust-|A™@ | 59%14 | 69+08 | 60+13 | 7.0£10
free reference, while clouds are colder). The daytime IDDI | Average

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 fOIIOWIngsurface temperature is maximum, the dust load is also maxi-

steps. 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

2. Create “difference image” and then use it for cloud iden- C2S€S of dust loading, which differ by a factor of three. Case-

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

tification and masking. 1 corresponds to a desert aerosol with a visible optical depth
of 1.0. Sensitivity studies carried out in this regard have in-
3. Apply the cloud mask to the original IRBT images. dicated that neglecting the diurnal variation in dust loading

results in errors in the estimate of long-wave radiative by
4. Apply the IDDI algorithm again, but with the “mini-  forcing as much as 50 to 100%. During the dry season over
mum reference”. source regions long-wave radiative forcing was as high as
+10 to +15W nT2. The regionally (0-35N; 30° E-100 E)
An example of nighttime IDDI images constructed following and annually averaged long-wave dust radiative forcing was
the above procedure is shown in Fig. 16. It may be noted that3.4+1.6 W nT 2.
while using the “minimum” reference method for retrieval  Ljao and Seinfeld (1998) examined global mean radiative
of IDDI during the night, IDDI is negative. In Fig. 16 we forcing by mineral dust aerosols in short-wave and long-
show the absolute value of IDDI. These images correspongvave regions, using a 1-D column radiation model. They
to the images shown in Fig. 16 of Part |. The dust cloud ob-estimated clear-sky, short-wave radiative forcing at TOA as
served during the noontime images (Fig. 16 of Part 1) is also—2 \W n12 at low surface reflection~0.1), and +2 W m2 at
observed in the nighttime images. A typical example of di- high surface reflection~0.5). They also observed that un-
urnal variation of IRBT and IDDI (for 5 May 1999) is shown |ike scattering aerosols, such as sea salt, dust radiative forc-
in Fig. 17 at two locations, Rajasthan (marked as Raj. in theing depends on the surface reflection and the altitude at which
figure) in Northwest India and Saudi Arabia-I (marked as SAthe dust layer is located. Clear-sky, long-wave radiative forc-
in the figure). The diurnal (3-hourly) variation of IDDI ob- jng at TOA was in the range of +0.2 to +1.0 W#h These

served during May 1999 is shown in Fig. 18. Figures 17 results are consistent with Tegen and Lacis (1996) and Tegen
and 18 indicate that there is a significant diurnal variation inet al. (1997).

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 betweer8 Conclusions

daytime and nighttime, and factor of two variations are com-

monly observed. This observation has a consequent impact — The frequency of dust events was higher during 2003
on its long-wave radiative forcing. During daytime, when compared to 1999.
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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.

Location IDDI (K) SW Dust Radiative Forcing (W mi?)
July Dec. Ann. | duly Dec. Ann. Mean
Mean [F-1 [F2 [F1 [F2 |F1 [F2
Saudi Arabia-l | 5.3 25 4.5 +4.1 -0.8 +2.0 -0.3 +3.6 -0.6
Saudi Arabiall | 4.3 27 4.6 +3.3 -0.6 +2.1 -0.4 +3.7 -0.6
NE Africa 8.0 31 5.9 +6.2 -1.3 +2.4 -0.5 +4.6 -1.0
Somalia 8.3 34 6.9 +6.4 -1.4 +2.7 -0.5 +5.1 -1.3
C. India 84 28 5.6 +6.6 -1.4 +2.2 -0.5 +4.4 -0.9
Rajasthan 8.6 38 59 +6.7 -1.5 +3.0 -0.6 +4.6 -1.0
Gujarat 9.1 29 5.3 +7.0 -1.6 +2.3 -0.5 +4.1 -0.9
Regional 7.7 3.0 5.7 +6.0 -1.3 +2.3 -0.5 +4.5 -0.9
Average*

* Qver the region covered by 0-35°N;30°E-100°E; land only
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3 Hrly Reference Images May (1-15) 1999
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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.

— 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.

Location SW Dust Surface Radiative Forcing (W mi?)

‘;f'i’ D% Am M — Over the Indian deserts, when the wind speed was the
Saud Ardbial | 214 | 129 | 110 | 66 | -84 | -111 highest during the monsoon months (June to August),
i Arban 82 o7 28 T %5 -T2 | 104 thg dugt production rate was Iov_ver because of higher

: soil moisture (due to monsoon rainfall).

NE Africa 310 | -160 | -114 | 72 | 226 | -123
Somalia -342 | -17.7 | -126 | -7.7 | -246 | -165 — Over the deserts of Saudi Arabia, when the wind speed
C. India 326 | -189 | -112 | -63 | -244 | -11.6 was the highest during June to August, the dust produc-
Rajasthan 354 | 194 | 152 | 86 | 226 | 143 tion rate was aI;o the highest, as soil moisture was the
Gujarat 374 | -205 | -116 | -65 | -21.2 | -129 lowest during this season.
2;‘9;232'* -328 | 173 | -120 | -68 | -228 | -118 — It appears that the deserts in Northwest India are more

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

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. The IDDI is in K.
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Fig. 16. Nighttime image of dust event. The IDDI is in K.

Diurnal Varation of IRBT and IDDI

os. a.

[0

230 5:30 830

340
330

ORaj.

— 320

=

= 310

=

= 300 -
290
280

11:30 1430 17:30 20030 23:30
Time

ORaj.

OS.A

IDDI {K)

230 &30 &30 1130 1430 1730 2Ax30 2330

Time
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