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Abstract
The present study deals with the use of Moderate Resolution Imaging Spectroradiometer (MODIS) thermal infrared bands 
in the dust detection. Eight dust storm cases over the Arabian Sea have been selected (four TERRA and four AQUA) during 
the year 2002–2008. The brightness temperature (BT) difference method has been applied on MODIS thermal bands 29 
(8 µm), 31 (11 µm) and 32 (12 µm) to detect dust storms over the Arabian Sea. The performance assessment of BT differences 
 (BT29–BT31 and  BT31–BT32) has shown that  BT31–BT32 has performed better to  BT29–BT31. We suggest that  BT31–BT32 is 
an effective combination of MODIS bands for dust detection over oceans and sea. The maximum (Dmax) and minimum dust 
(Dmin) intensity locations have also been identified in all the eight dust storm cases. The aerosol properties (aerosol optical 
thickness, τ; asymmetry factor g and Angstrom exponent α) over Dmax and Dmin have been studied using MODIS Level 2 
data. In AQUA dust storms cases τ values (Dmax) were higher than TERRA dust cases, whereas g values were nearly same. 
The α was always positive in case of TERRA dust cases; however in AQUA negative α was also reported. Afternoon dust 
storms are more intense compared to forenoon dust storms and dust particles are also coarser.
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1 Introduction

The World Meteorological Organization has classified dust 
into four categories based on the visibility: dust in suspen-
sion, blowing dust, dust storm and severe dust storm (Shao 
2008). The wind speed varies from light to very strong, 
whereas the visibility reduces from dust in suspension to 
severe dust storms. Dust storms mainly originate in arid and 
semiarid areas. In a dry climate, low soil moisture makes the 
soil more susceptible to erosion and soil gets easily eroded 
by wind or flood. Usually, the bigger particle travels a less 

distance and falls near the source, but smaller particles 
are carried at a longer distance (thousands of kilometers). 
Sometimes even larger particle also travels a large distance 
because of the high wind speed (Betzer et al. 1988). More 
events of droughts and escalated rate of desertification are 
responsible for more dust storms (Taghavia and Moham-
madi 2008). Dust particle concentration in the atmosphere 
increases during dust storms, which affect our daily life, 
aviation and surface transport. It alters the air quality, and 
it is also a health hazard (Reed and Nugent 2018; Kaiser 
2005; Chen et al. 2004). Dust storms also influence the 
weather and climate on local, regional and global scales 
(Al-Maamary et al. 2017; Shi and Zhao 2003). The dust 
aerosols affect the radiative balance of the Earth as it absorbs 
as well as reflect the incoming solar radiation (Butt et al. 
2017; Stocker et al. 2013).

There are different methods of dust storm monitoring—
field observations (Christopher and Jones 2010; Kurosaki 
et al. 2011), lagrangian model-based trajectories and disper-
sion studies (Lee et al. 2010), and the satellite data analy-
sis (Zhang et al. 2006; Norton et al. 1980). Dust storms in 
south-west Asia have been observed by (Middleton 1986) 
using ground station observations. Over land, aerosol 
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observations are present (Sateesh et al. 2018; Kiran et al. 
2018); however, over ocean and sea, it is difficult to set up 
the dust aerosol observational network. Many scientific 
studies over these areas were done using cruises (Moorthy 
et al. 2005; Babu et al. 2004). These cruise experiments are 
expensive, suitable for short-term observation and hence 
cannot be performed at regular intervals. This has limited 
the aerosol information over sea and ocean. The variabil-
ity in dust frequency and intensity can also be understood 
by dust emission and transport modelling. In 1999, U.S. 
Navy has developed Navy Aerosol Analysis and Prediction 
System (NAAPS)—a first operational dust forecast model 
(Lee et al. 2017). Later on, operational dust storm forecast 
model has also been developed by different Meteorologi-
cal organizations across the world like UK Met Office (for 
south Asia since April 2008 and globally since 2011) (http://
forec ast.uoa.gr/Dust-wshop -pdf/Brook s.pdf) and Barcelona 
Dust Forecast Center for Northern Africa, Middle East and 
Europe (https ://dust.aemet .es/about -us/repor t-2015). These 
operational dust storm forecast models are breakthrough 
towards the dust forecasting. However, forecast evaluation 
results indicated that there is a need to improve them further 
[https ://dust.aemet .es/forec ast-evalu ation  (2017)].

The third approach to study dust storm is the use of satel-
lite images. For studying the lifecycle and properties of dust 
storms events, remote sensing is better than ground observa-
tion because of its global coverage (Xie et al. 2017). Satellite 
data cover a broad geographical area (Singh 2016) and can 
be integrated with model simulations to improve the capabili-
ties of model forecasting (Yu and Yang 2016). Many satellite 
images such as NOAA-Advanced High-Resolution Radiometer 
(AVHRR) (Janugani et al. 2009; Zhu et al. 2007), METEOSAT 
data (Legrand et al. 2001) and Landsat Thematic Mapper (TM)/
Enhanced Thematic Mapper (ETM) (Wang et al. 2013) were 
used for studying dust storms. Total Ozone Mapping Spectrom-
eter (TOMS) has been used to detect major dust source regions 
on a global scale (Washington et al. 2003). Several techniques, 
such as the optical (Norton et al. 1980) and thermal infrared 
(TIR) (Ackerman 1989) spilt window technique, have been 
used by scientists since 1970s to study dust storms. Among 
these two, TIR has shown better results over surfaces with high 
albedo and night times in dust storm detection. The TIR chan-
nels also work well for dust detection over land and ocean. The 
amount of energy emitted by surface features is easy to detect in 
TIR range irrespective of the time of the day. One thermal chan-
nel (11 μm) of Nimbus has been used by (Shenk and Curran 
1974) for the dust detection. This one channel method misinter-
preted clouds as dust as brightness temperature (BT) changes 
are affected by surface emissivity. In the past, Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) (high spectral and 
temporal resolution) has been widely used to detect dust storm 
over the globe using thermal channels (Jafari and Malekian 
2015; Karimi et al. 2012; Zhang et al. 2008). Dust indices like 

BT difference and normalized difference dust index (NDDI) 
using MODIS channels have been used to detect dust storms 
(Zhang et al. 2008). BT difference is more reliable for dust 
source detection (in several situations such as multi-plume and 
multi mineralogical conditions) than NDDI and optical-based 
algorithms (Yue et al. 2017). The dust could be easily detected 
using BT difference technique compared to the visible scene 
(Baddock et al. 2009). The use of two MODIS thermal chan-
nels (11–12 μm) instead of one thermal band showed higher 
accuracy (Li and Song 2009). It has been observed that BT 
difference of 11–12 μm was always negative for dust while 
8.5–11 μm ranged from positive to negative based on dust con-
centration (Zhang et al. 2006).

To understand the variation of aerosols over any region, 
detailed knowledge of aerosols physical and optical properties 
is required. This information is sparse over oceans and sea. 
Therefore, over these areas, satellite remote sensing techniques 
can be used to detect dust storms and study aerosol properties. 
Stratospheric volcanic aerosols detection over oceans using 
three thermal channels (8 μm, 11 μm and 12 μm) have proposed 
that the uniform surface of Ocean has an advantage over land to 
aerosols detection as the spectral variation of surface emissivity 
complicates the aerosol detection over land (Ackerman 1997).

The continental area around the Arabian Sea (the alluvial 
plains of southern Iraq and Kuwait, the southern Arabian Pen-
insula (Oman, Yemen, Rub-Al-Khali), the Somali Coast, India, 
Pakistan, and Iran) is the principal sources for the produc-
tion of dust (Middleton 1986; Pease et al. 1998). The massive 
dust production over these regions makes these continental 
areas and the Arabian Sea as a high dust load area (Kolla and 
Biscaye 1977; Sirocko 1991). The higher dust aerosols over 
Arabian Sea impact Indian summer monsoon (Solmon et al. 
2015). Over the Arabian Sea, these dust aerosols are also the 
primary source of sediments. It has been suggested that min-
eral dust supplies nutrients to the ocean and influences the 
primary productivity of ocean (Betzer et al. 1988; Coale et al. 
1996; Martin et al. 1994).

The goal of the present paper is to study the use of satellite 
data in the dust storm detection over the Arabian Sea, which 
has been fulfilled by the following objectives: (1) To detect the 
dust spatially and study aerosol properties of the dust storms 
over the Arabian Sea using MODIS data and (2) To identify 
the maximum (Dmax) and minimum (Dmin) dust aerosol 
locations from the spatially detected dust storms. The aerosol 
properties of these regions were also studied.

http://forecast.uoa.gr/Dust-wshop-pdf/Brooks.pdf
http://forecast.uoa.gr/Dust-wshop-pdf/Brooks.pdf
https://dust.aemet.es/about-us/report-2015
https://dust.aemet.es/forecast-evaluation
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2  Study Region and Datasets

2.1  Location and Climatic Details of the Study Area

In the present study, the Arabian Sea area near the North 
Western part of India has been selected for detecting the 
dust storms (Fig. 1).

The winds over Arabian Sea show reversal of wind 
direction and speed that causes a drastic change in rain-
fall intensity. These changes in weather phenomena affect 
the Indian monsoon and its climate (Krishnamurthy and 

Kinter 2003). The densely populated India also serves 
as the source of anthropogenic pollutants and affects the 
meteorology of Arabian Sea. Therefore, it is worthy to 
study dust storm over this area. There are two distinct sea-
sons over the Arabian Sea, winter monsoon season (WMS) 
and summer monsoon season (SMS) (Satheesh et  al. 
2006). The variation of meteorological parameters in these 
two seasons is given in Table 1. The WMS prevails from 
November to March and SMS from April to September. 
The average wind speed is less than 5 m/s and it blows pre-
dominantly from North/North-easterly in WMS whereas 
in SMS South-westerly wind blow at higher wind speed 
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Fig. 1  Google Earth image of Arabian Sea and surrounding continental areas’ contributors of dust over the Arabian Sea (Pease et  al. 1998) 
http://www.earth .googl e.com; imagery date December 14, 2015

Table 1  Variation of 
meteorological parameters in 
two seasons over the Arabian 
Sea (Satheesh et al. 2006)

S. no Winter monsoon season (WMS) Summer monsoon season (SMS)

1 Month November–March April to September
2 Wind direction North/North-easterly South-westerly/Westerly
3 Wind speed < 5 m/s 10–15 m/s
4 Advection Indian landmass Ocean and western landmass
5 Cloud condition Nearly clear Cloudy
6. Rainfall Low High

http://www.earth.google.com
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(10–15 m/s). In WMS, advection from the Indian land-
mass is important and in SMS, advection from the ocean 
and western landmass plays an important role. The cloud 
remains nearly clear in WMS that leads to low rainfall, 
but in SMS cloudy situation exists that causes the heavy 
rainfall which also covers the Indian subcontinent. The 
present work focuses only on the dust storm cases during 
WMS over the Arabian Sea, as in this season sky remains 
nearly clear of clouds and residence time of pollutants in 
the atmosphere increases, hence providing good conditions 
for studying dust aerosols (Satheesh et al. 2006).

2.2  Datasets

The MODIS data have been used to detect the dust storm 
in the present study. The MODIS sensor is carried on 
both the satellites (TERRA and AQUA). It is launched by 
NASA in 1999 (TERRA) and 2002 (AQUA). The details 
of remote sensing data used in the present study are given 
in Table 2. The MODIS captures data in 36 spectral bands 
“(0.4–14.4 µm)”. The spatial resolutions of MODIS are 
“250 m, 500 m and 1 km”. Out of 36 spectral bands, 11 
bands are in the visible range, 9 in the near-infrared (NIR), 
6 in the TIR, 4 in the shortwave infrared (SWIR), and 6 in 
the long wave infrared range (LWIR).

The daily MODIS Level 1B (MOD021KM-Level 1B 
Calibrated Radiances-1 km (TERRA) and MYD021KM—
Level 1B Calibrated Radiances-1 km (AQUA) and Level 2 
data [MOD04_L2-Level 2 Aerosol (TERRA) and MYD04_
L2-Level 2 Aerosol (AQUA)] have been downloaded from 
the site LAADS website (https ://ladsw eb.modap s.eosdi 
s.nasa.gov). Level 2 MODIS data used in the present study 
are Aerosol Optical Thickness (AOT) (τ) at 550 nm, asym-
metric factor (g) at 550 nm and 550–865 µ based Angstrom 
exponent (α). The details of different dust cases are given in 
Table 3. As per the τ availability, total eight dust storm cases 
(four TERRA and four AQUA) for WMS have been selected.

3  Methodology

3.1  Processing of MODIS Data

The MODIS Level 1B product is available for any part of the 
world since 2000. However, to use these data in the further 
analysis, it is necessary to convert these data into radiance, 
surface reflectance or BT. The Level 1B data are converted 
into the BT (degrees Kelvin) using MODIS Conversion Tool 
Kit (MCTK) (https ://githu b.com/dawhi te/MCTK). MODIS 
Level 2 data (τ, g, α) were also projected using MCTK. This 
method of processing of MODIS data (Level 1 and Level 2) 
is used in many previous studies (Duan et al. 2017; Karimi 
et al. 2016; Munir et al. 2015).

3.2  Dust Detection Methodology

The methodology for detecting dust and analysis has been 
shown in Fig. 2. In the present work, the combination of 
8–11 µm and 11–12 µm has been tried to detect the dust 
over the ocean. The performance of both the combination 
has been tested by scatter plots and histograms (explained 
in Sect. 4.1). In MODIS data, 8 µm, 11 µm and 12 µm corre-
spond to the band number 29, 31 and 32, respectively. Here-
after, BT difference of 8–11 µm and 11–12 µm is represented 
as  BT29–BT31 and  BT31–BT32, respectively.

Table 2  Characteristics of 
Moderate Resolution Imaging 
Spectroradiometer (MODIS) 
data used in the present study

S. no Data type Satellites Spatial Resolution at Nadir Data archive Overpass time

Level 1
1 MOD02 TERRA 1 km “(TIR + all bands)” 1999-date 10:30 AM
2 MYD02 AQUA 1 km “(TIR + all bands)” 2002-date 13:30 PM
Level 2
3 MOD04 TERRA 10 km 1999-date 10:30 AM
4 MYD04 AQUA 10 km 2002-date 13:30 PM

Table 3  Details of selected dust storm cases over the Arabian Sea

S. no Satellite Date Julian Day Time

1. TERRA 25 Jan 2002 25 06:15
2. TERRA 14 Dec 2003 348 06:15
3. TERRA 10 Feb 2007 41 06:00
4. TERRA 02 Feb 2008 33 06:20
5. AQUA 03 Feb 2003 34 08:40
6. AQUA 14 Dec 2003 348 09:20
7. AQUA 09 Feb 2004 40 09:10
8. AQUA 13 Nov 2008 318 09:00

https://ladsweb.modaps.eosdis.nasa.gov
https://ladsweb.modaps.eosdis.nasa.gov
https://github.com/dawhite/MCTK
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4  Results and Discussion

4.1  Performance of BT Difference  (BT29–BT31 
and  BT31–BT32) for the Detection of Dust

In the present work, BT difference of  BT29–BT31 and 
 BT31–BT32 has been tested for the suitability of the proper 
combination of the channel for the detection of dust. In 
Fig. 3, scatter plots of  BT29–BT31 and  BT31–BT32 are shown 
for the dusty and clear condition for one TERRA (25 Jan 
2002) and one AQUA (3 Feb 2003) dust cases.

The dust and clear regions used for plotting scatter plots 
and histograms are shown in Fig. 4e for TERRA and Fig. 5e 
for AQUA. The points of dust and clear are shown in red 
and black color, respectively. The  BT29–BT31 and  BT31–BT32 
ranged between − 1.6 and − 2.3 and − 0.3 to 0.2 in case of dust 
and − 2.4 to − 3.2 and 0.3–0.7 for clear, respectively (Fig. 3a, 
c). Here, one point is interesting to note that in  BT29–BT31 
both dust (− 1.6 to − 2.3) and clear (− 2.4 to − 3.2) pix-
els have the values in the negative range (Fig. 3a) and but 
in  BT31–BT32 clear pixels have shown the positive values 
(0.3–0.7) (Fig. 3c); sometimes these values were even more 
than 1 (Fig. 3g). The dust pixels have values always less than 

1 (Fig. 3c, g) and in case of thick dust, values are in the higher 
negative range  (BT31–BT32). The negative value in  BT31–BT32 
for dust has been reported in many studies (Vincent 2018; Yue 
et al. 2017). In case of  BT29–BT31, the dust and clear points 
are more scattered, and the distance between the clear and 
dust clusters is less (Fig. 3a). However,  BT31–BT32 channel 
difference was less scattered and the distance between the 
clear and dust clusters is more (Fig. 3c). This fact is more 
pronounced in Fig. 3e where in case of  BT29–BT31 the clear 
and dust points have been overlapped and made it very dif-
ficult to detect dust from the imagery. However, in case of 
 BT31–BT32, the clear and dust clusters are largely separated 
from each other (Fig. 3g). 

The scatter plot results have been supported by the 
histogram of BT difference of the dusty area where the 
two modes of histogram have been observed in case of 
 BT29–BT31 (Fig. 3b, f) and unimodal distribution in case of 
 BT31–BT32 (Fig. 3d, h). The bimodal distribution shows that 
the samples are collected from the two different populations 
and the higher peak show the population of dust clusters 
and lower peak shows the mixed population. However, in 
case of  BT31–BT32, only one peak has been observed that 
shows the presence of one population (i.e. dust) (Fig. 3d, h). 
Based on these results, it can be suggested that  BT31–BT32 

Fig. 2  Methodology used in the 
present work

Downloaded Level 1B Calibrated Radiances 

Applied Split window technique to extract the dust over ocean i.e. subtracted 
MODIS channel 29 (8 µm) from channel 31 (11µm), (BT29-BT31) and 

31(11µm) from channel 32(12µm), (BT31-BT32)

Converted the radiance data into 
Brightness Temperature (BT) for the 

available dust storm cases.

Identified the maximum (Dmax) and minimum (Dmin) dust 
storm intensity using BT and τ values

Downloaded MODIS DATA for the above cases 

Downloaded Level 2 (10 Km)

Selected Aerosol Optical Thickness (τ)
Angstrom Exponent (g)

Asymmetric factor (α) for further 
analysis

Analysed aerosol properties (τ, g and α) for 
Dmax and Dmin

Selected best combination of channels (BT29-BT31 and BT31-BT32) based on the 
scatter plots and histograms. Applied the selected channel combination for dust 

detection

Selected the eight dust storm cases
TERRA AQUA
25 Jan 2002 3 Feb 2003
14 Dec 2003 9 Feb 2004
10 Feb 2007 14 Dec 2003
2 Feb 2008 13 Nov 2008
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has performed better to  BT29–BT31 for the dust extraction 
from MODIS (TERRA and AQUA) images. The  BT31–BT32 
have more potential to separate thick dust from the cloud and 
other atmospheric particles. The more negative value in BT 
difference image indicates thick dust (more τ values) and 
vice versa. The present result of dust extraction is coherent 
with the study conducted by (Ackerman 1997).

We have used  BT31–BT32 for the dust detection for dust 
storm cases. Along with BT difference MODIS Level 2, τ 
values have also been used to analyse the area of a dust 
storm in BT difference image by  BT31–BT32. In Fig. 4, the 
true colour,  BT31–BT32 and τ values have shown for the bet-
ter understanding of spatially dust detected area. The region 
in red and purple indicates the higher and lower values of 
τ, respectively. In all the dust storm cases, MODIS τ and 
 BT31–BT32 have shown good coherence. The area shown in 
black represents the missing data. Sometimes due to some 
error in the satellite, the data are not recorded that cause 
the loss of information. Over Arabian Sea, a dust storm is a 
common phenomenon, and it is detected spatially very well 
by  BT31–BT32 difference method in both TERRA (Fig. 4) 
and AQUA (Fig. 5) dust storm images.

4.2  Dust Aerosols Properties in Selected Dust Storm 
Cases

4.2.1  Variation in τ

The variation of τ has been shown in (Fig. 6a, b) for dust 
storm cases captured by MODIS TERRA and AQUA, 
respectively. In case of TERRA, τ values were less for the 
dust storm event occurred on 25 Jan 2002 (τ < 1.3) and 10 
Feb 2008 (τ < 1.5) compared to dust storm events 14 Dec 
2003 where sometimes τ > 2.8 and 2 Feb 2008 (τ > 2.4) 
(Fig. 6a). Over the Arabian Sea, many intense dust storm 
occurs resulting in high τ. In AQUA, the least τ values were 
recorded for 3 Feb 2003 (τ < 0.87) and in all the other dust 
cases τ values crossed 2.4. The local time of AQUA overpass 
is around 13:30 PM. In the afternoon intense dust storm 
activities take place which increase the number of dust aero-
sols in the atmosphere and, hence, τ values are higher in 
AQUA (Fig. 6b) compared to TERRA (Fig. 6a).

4.2.2  Variation in α

The α provides the information of particle size. The smaller 
values of α indicate the larger particle size and vice versa 
(Levy et al. 2009). In the present study, the majority of α 
values were less than 0.5. In case of TERRA, only a few 

values of dust storm cases: 25 Jan 2002 and 10 Feb 2007 
have crossed 0.6 (Fig. 6c). However, in case of AQUA dust 
storm, almost all α values were less than 0.6 (Fig. 6d). At 
this point, it is worth to be noted that size of the dust aero-
sols originated in the afternoon dust storms were slightly 
larger compared to the morning time. It might be due to the 
intense heat that decreases the moisture level in the soil. The 
loosely bounded large soil particles are also easily lifted into 
the atmosphere by the strong wind.

4.2.3  Variation in g

The g gives us the idea of the scattering direction, i.e. either 
forward or backwards in the light striking the aerosol par-
ticles. As per the literature, g > 0 indicates light scattering 
in the forward direction (Levy et al. 2009) and ‘g’ values 
approaching + 1 shows the presence of larger dust particles 
(Mie particle). In case of g = −1, then its scattering direction 
is backward. In the present work for the dust storm cases 
captured by TERRA, g varied in between 0.66 and 0.78 
(Fig. 6e), and for AQUA it varied between 0.64 and 0.79 
(Fig. 6f).

For TERRA images, the highest ‘g’ value was reported 
for dust storm case, 2 Feb 2002 (g = 0.78) and for AQUA 
images g was highest for dust case 13 Nov 2008. Here, for 
both AQUA and TERRA dust cases ‘g’ value has been found 
to be positive and, in some cases, it was even more than 0.7, 
the dust aerosols in these dust storm cases are Mie particles.

4.3  Aerosol Properties in Maximum and Minimum 
Dust Storm Locations

After successful detection of the dust storm over the Arabian 
Sea for the eight dust storm cases, Dmin and Dmax dust 
locations have been identified using  BT31–BT32 and τ values 
in the dust storm cases (Fig. 7).

Dust aerosols properties (τ, g and α) have been studied 
for Dmax and Dmin dust aerosol locations. The τ value 
in Dmax was maximum for AQUA dust cases, 13 Nov 
2008 (τ = 3.286) and minimum for 3 Feb 2003 (τ = 0.865) 
(Table 4). The g value was also high in the case of 13 Nov 
2008 (g = 0.781). The dust aerosol properties of a dust storm 
(Dmax) occurred on 13 Nov 2008 indicate that these dust 
particles favor the forward scattering and their size was also 
large (α = −0.19) (Table 4). The negative value of α indicates 
the presence of coarse particles (Kaskaoutis et al. 2009). 
Likewise, the aerosol properties of dust aerosol in different 
dust events have been given in Table 4. The intensity of the 
dust storm occurred on 13 Nov 2008 (AQUA) has been well 
recorded in  BT31–BT32 images (Fig. 5).

In the present work, α for most of the dust has ranged 
below or equal to 0.64 except 14 Dec 2003 (0.765). It has 
been reported that α ranges from 1.2 for the area near 

Fig. 3  Scatter plots (a, c, e and g) and Histograms (b, d, f and h) of 
Brightness Temperature (BT) difference between  BT29–BT31 and 
 BT31–BT32 for 25 Jan 2002 (TERRA) and 3 Feb 2003 (AQUA)

◂
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Fig. 4  The true color (a–d), Brightness Temperature (BT) differ-
ence  (BT31–BT32) (e–h) and Aerosol Optical Thickness (AOT) (τ) 
(i–l) values in different dust storm cases captured by TERRA. Date 
and time of dust cases are written in Italics in centre. Black and 

white boxes represent dust and clear area, respectively, for dust case 
TERRA 25 Jan 2002 used for scatter plot and histogram. In τ images, 
dust storm area used for aerosol properties analysis is marked with a 
black polygon
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Fig. 5  The true color (a–d), brightness temperature (BT) difference 
 (BT31–BT32) (e–h) and Aerosol Optical Thickness (AOT) (i–l) values 
in different dust storm cases captured by AQUA. Date and time of 
dust cases are written in italics in centre. Black and white boxes rep-

resent dust and clear area, respectively, for dust case AQUA 3 Feb 
2003 used for scatter plot and histogram. In τ images, dust storm area 
used for aerosol properties analysis is marked with a black polygon



148 J. Singh et al.

1 3

coastal region and 0.6 in remote oceanic regions (Satheesh 
and Moorthy 1998). The results of α are in agreement with 
the α values reported by them. The range of g has been 
reported 0.7 (Dmin) and 0.78 (Dmax) in the selected dust 

cases. The g value for the maritime dust aerosol has been 
reported by Chou et al. (2002) in the range of 0.78–0.79. 
The g value for dust aerosol in the present study has been 
found to be in the similar range in case of Dmax.

Fig. 6  Variation in aerosol optical thickness at 550 nm (τ), Angstrom exponent 550–865µ (α) and asymmetric factor at 550 nm (g) in TERRA 
and AQUA dust storm cases
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Fig. 7  TERRA and AQUA maximum (Dmax) and minimum (Dmin) 
dust storm locations with dates http://www.earth .googl e.com; 
imagery date December 14, 2015 [*Symbols triangle, star, black dot 

square and black dot circle represent TERRA maximum, TERRA 
minimum, AQUA maximum and AQUA minimum locations, respec-
tively (Source Google earth image)]

Table 4  Aerosol properties 
of maximum (Dmax) and 
minimum (Dmin) dust intensity

S. no Dust cases Latitude Longitude AOT (τ) Asymmetry 
factor (g)

Angstrom 
exponent (α)

1. 25-Jan-02
Dmin 24.35 66.10 0.221 0.726 0.123
Dmax 23.99 67.07 1.276 0.745 0.238

2. 14-Dec-03
Dmin 22.70 65.854 0.506 0.731 0.333
Dmax 23.51 67.553 2.9 0.764 0.104

3. 10-Feb-07
Dmin 23.61 63.70 0.179 0.753 0.598
Dmax 23.35 60.35 1.456 0.771 0.176

4. 02-Feb-08
Dmin 23.96 65.35 1.37 0.76 0.194
Dmax 24.68 64.59 2.546 0.771 0.142

5. 03-Feb-03
Dmin 20.74 62.16 0.244 0.692 0.639
Dmax 19.83 63.491 0.865 0.738 0.247

6. 14-Dec-03
Dmin 22.29 64.17 0.383 0.727 0.227
Dmax 18.31 59.04 3.016 0.767 0.066

7. 09-Feb-04
Dmin 21.90 67.26 0.516 0.702 0.561
Dmax 22.26 65.34 2.957 0.761 0.232

8. 13-Nov-08
Dmin 24.54 65.26 0.302 0.713 0.613
Dmax 24.27 64.07 3.286 0.781 − 0.019

http://www.earth.google.com
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5  Conclusions

A total of eight dust storm cases (four TERRA and four 
AQUA) have been selected for the study of dust storms. The 
dust detection analysis has been performed using BT differ-
ence technique. The BT imageries were obtained from the 
MODIS TIR bands 8 µm (Band number 29), 11 µm (Band 
number 31) and 12 µm (Band number 32). The two-channel 
BT difference dust detection methods involve the combina-
tion of mainly three BT bands  (BT29–BT31 and  BT31–BT32). 
The values were always negative (degree Kelvin) for clear 
as well as dust-laden atmosphere in the scatter plot of 
 BT29–BT31. However, in case of  BT31–BT32, clear pixels 
have always shown the positive value of clear sky and thick 
dust have always shown negative values. Histogram of dust 
points was bimodal in case of  BT29–BT31 and unimodal in 
case of  BT31–BT32. The MODIS Level 2 data have been used 
to study the aerosol properties like τ, α and g. Generally, 
in the afternoon dust cases (AQUA), τ values were higher 
compared to forenoon dust storm cases (TERRA). The g 
values were nearly similar for TERRA and AQUA images 
(g > 0.6). The positive value of g indicates the forward scat-
tering of light by the aerosol particles. The value of α was 
less than 0.4 for most of the TERRA dust cases; only a few 
have crossed 0.6 marks. However, in AQUA almost all the 
dust cases have α below 0.6. Based on the analysis, the find-
ings can be summarized as:

• BT31–BT32 performed well compared to  BT29–BT31 in 
the spatial detection of the dust storm events over the 
Arabian Sea.

• MODIS Level 1 data have a good spatial and temporal 
coverage of the dust storm in both forenoon (TERRA) 
and afternoon (AQUA). The TIR MODIS Level 1 data 
can be used efficiently in studies related to a dust storm.

• The aerosol properties extracted from MODIS Level 2 
aerosol data have good coherence with the aerosol obser-
vational data collected by different groups of a researcher 
over the Arabian Sea.

• The progressive increase in convective activity in the 
afternoon could be attributed to the cause of the higher τ 
in the afternoon compared to forenoon dust storm cases. 
The value of g and α indicated the coarse nature of dust 
aerosol particles over the Arabian Sea during the dust 
strom events.

The present study has shown the potential of  BT31–BT32 
in detecting the dust storm, but there may be another com-
bination of bands that might enhance the spatial dust extrac-
tion and a detailed study of the different combination of 
MODIS thermal bands is needed.
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