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AbStrAct
Dust storms are an important climatic phenomenon in the Indian subcontinent affecting air quality in the 
pre monsoon season. In this study, the variation in the optical and the chemical properties of mineral dust 
aerosols along the north-western Indo Gangetic Plains (IGP) is recorded during major dust storm events 
during April to June, 2015. Dustfall fluxes were measured at five sites lying on the downwind trajectory 
of the long-transported dust plume. The sites were - Bikaner (BK), Jaipur (JP), Hisar (HS), Delhi (DL) and 
Agra (AG). Five major dust storm events were identified based on the aerosol optical depth (AOD) values 
derived from the MODIS and OMI instruments and corroborated by the ground monitored dust fall flux 
measurements. An analysis of the optical properties reveals the dominance of coarse mode particles during 
all the events with MODIS Angstrom Exponent (AE) values lying in the range of 0.40 – 0.03 for dust events 
observed at the sites located in the close proximity of Thar desert. Chemical characterization of the samples 
showed that Ca2+ was the most dominating cation with flux in the range of 106.7 mg/m2/day (at BK) to 7.4 
mg/m2/day (at DL), indicating the dominance of crustal sources in the dust aerosols. Among anions, highest 
flux was recorded for SO4

2- and NO3
-. NO3

- flux was observed to increase downwind towards the sites (DL 
and HS) with high anthropogenic emissions. The flux Na+ and Cl-was also high during major dust events. 
However, it was seen to decrease downwind indicating the influence of sea salt fraction in the dust plume 
transported from the Arabian sea.

Key words: Dust Storms, Air quality, Optical and chemical qualities of aerosols, Aerosol optical depth, 
MODIS and OMI instruments, North western Indo-Gangetic Plains. 

INtrODUctION

Mineral dust aerosols play an important role in modulation 
of the atmospheric radiative budget (Ramanathan et al., 
2001; Tegen et al., 2004; Bollasina et al., 2008), the 
hydrological cycle and the monsoon circulation and rainfall 
distribution (Gautam et al., 2009, 2011; Srivastava et al., 
2010; Giles et al., 2011; Das et al., 2013; Dumka et al., 
2014; Vinoj et al., 2014).  The arid and the semi arid desert 
areas are recognized as the main source of atmospheric 
dust (Prospero et al., 2002; Ginoux et al., 2012; Crosbie 
et al., 2014) with global flux estimations of 1500–2600. 

Tg yr 1 (Zender and Milelr, 2004). Meteorological 
conditions, mainly wind speed and wind direction, induce 
long range transport of dust thousands of kilometers 
from the source (Liu et al., 2012; Nastos, 2012). Dust 
outbreaks are known to affect air quality land use, society 
and biodiversity (Gou- die, 1983; Goudie and Middleton, 
1992, 2006; Middleton and Gou- die, 2001; Washington 
et al., 2003; Engelstaedter et al., 2006; Kaskaoutis et 
al., 2010; Kulshrestha and Sharma, 2015). Physical 
characteristics like the particle size, shape and minerology 
(Mahowald et al., 2005) decide the optical and chemical 
properties of dust aerosols and are in turn determined by 
the sources from which the soil sediments are entrained 

and their chemical composition (Claquin et al., 1998; 
Singh et al., 2004).

The Indo-Gangetic Plains (IGP) receive dust from 
the sources located in Middle East, Arabia, North Africa 
and the Thar desert (Dey et al., 2004; Prasad and Singh, 
2007; Sharma et al., 2012; Gharai et al., 2013; Aher 
et al., 2014). The highest frequency of dust storms in 
the north- western parts of India is observed in the pre-
monsoon season, from April to June, under the influence 
of south – westerly winds (Prasad and Singh, 2007). The 
north-western part of IGP reports very high AOD and 
suspended particulate matter (SPM) levels (Sharma and 
Kulshrestha, 2014). As a result, dust strongly affects the 
aerosols characteristics over the IGP under the influence 
of the local pollutants. 

The present study is conducted to analyze the 
variation in the optical as well as the chemical properties 
of mineral dust aerosols during major dust storm events 
in the north western IGP. The satellite observations are 
corroborated with the ground monitored data to see the 
change in the aerosol properties in the study region. The 
trajectories of the dust plume are also plotted in order 
to see the influence of the dust sources in the Arabian 
Peninsula in modulating climate and air quality over the 
Indian subcontinent.  
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Data and Methods

Dustfall sampling
In order to sketch a complete picture of the influence of 
the local emissions on the trans boundary dust pollution/
plume, five sites were chosen along the downwind trajectory 
of dust storms, starting from Thar desert till the ‘aerosol 
hotspots’ (Lau WMO 2008), the Indo – Gangetic Plains 
(IGP) (Figure 1) . The first two sites, Bikaner (BK(28.01O 
N, 73.31 OE)) and Jaipur (JP(26.91 ON, 75.7 OE)), lie in 
the northwestern state of Rajasthan that marks the entry 
point of trans boundary dust storms in India and are in 
the close proximity of Thar desert. Next site along the 

downwind dust storm trajectory was chosen to be Hisar 
(HS(29.15 ON, 75.72 OE). It lies in the relatively less ‘dusty’ 
state of Haryana (table 1), however, it is characterized as a 
fast-developing city center. Sampling was also done in the 
capital city of Delhi (DL(28.70 ON, 77.10 OE) as it was vital 
to observe the chemical characteristics of dust aerosols in 
the city, which records a very high level of AOD (Sharma 
and Kulshrestha, 2014), other atmospheric pollutants and  
also influenced by dust storms. The last site chosen along 
IGP was Agra (AG(27.18 O N, 78.01 OE). 

The dust samples were collected from April 2015 to 
June 2015, which is the period when maximum number 
of pre monsoon dust storms are observed in the Indian 

Figure 1. Study region along the north-western part of Indo-Gangetic Plains, with five sampling sites at Bikaner, Jaipur, Hisar, 
Delhi and Agra. 

Figure 2. Monthly mean soil moisture (mm) variation over India for the month of April, May and June, 2015, respectively 
(NCEP reanalysis volumetric soil moisture 0 – 10 cm BGL (units: mm).
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subcontinent. Dry deposition flux of dust aerosols was 
measured by collecting dustfall on non-reactive propylene 
petriplates with 140mm diameter. In order to ensure 
sufficient dust collection, the plates were exposed for a 
period of two weeks for composite sampling for the entire 
dust storm season. For dust storm event sampling, amount 
of dust loading was measured by collecting samples on the 
day of the dust storm. The plates were placed on selected 
rooftops ensuring least resistance and undisturbed free flow 
to the free fall of dust particles for taking representative 
samples. This method of passive sampling of atmospheric 
dust has been validated in previous studies (Tiwari and 
Kulshrestha, 2016). The collected samples were stored 
and transported to lab where they were subjected to ion 
chromatography (IC) to measure the concentration of major 
anions (F-, Cl-, SO4

2- and NO3
- ) and cations (Mg2+ , Ca2+, 

K+, NH4
+, Na+).

Moderate Resolution Imaging Spectroradiometer (MODIS) 
MODIS is a sensor onboard Terra and Aqua satellites. It 
has high radiometric sensitivity (12 bit) over 36 spectral 
bands with wavelengths ranging from 0.41 μm to 14.4 μm. 
MODIS sensors measure the AOD with an estimated error 
of ± (0.05 + 0.15) over land (Chu et al., 2002) and 0.03 
± 0.05 over the ocean (Remer et al., 2005). The Aqua and 
Terra level 3 (MYD08_D3_v6 and MOD08_D3_V6) AOD 
daily data products from Terra and Aqua Deep Blue AOD, 
at .55 μm, with a spatial resolution of 10 × 10 km from 
1st April to 30th June, 2015 are utilized in this study. Deep 
blue Angstrom Exponent (AE) for land in 0.412 – 0.47 μm 
range was also used. AOD and AE for the entire sampling 
period were obtained from MODIS, by averaging Terra and 
Aqua, AOD and AE values, respectively.  More information 
can be found at https://giovanni.gsfc.nasa.gov/giovanni/. 

Ozone Monitoring Instrument (OMI)
OMI instrument is based on the NASA’s Total Ozone 
Mapping Spectrometer(TOMS) instrument and the 
European Space Agency (ESA) Global Ozone Monitoring 
Experiment (GOME) instrument (on the ERS-2 satellite). It 
can distinguish between aerosol types, such as smoke, dust, 
and sulfates, and measures cloud pressure and coverage, 
which provides data to derive tropospheric ozone. The 
hyperspectral imaging offered by the instrument provides 
it the ability to measure more atmospheric constituents 
than TOMS and enables much better ground resolution 
than GOME (13 km x 25 km for OMI vs. 40 km x 320 
km for GOME). AOD 500 μm values from OMI (daily, 1 
degree product) were also recorded for this study, alongside 
MODIS AOD values. 

Back trajectory and reanalysis product
Back trajectories were computed using the HYSPLIT model. 
The air mass back trajectories were calculated during major 

dust storm events, at the first site (BK), which marks the 
entry point of dust storms in India. In order to identify the 
route of local and long range transport of dust, trajectories 
were computed for a period of 5 days (120 hours) at three 
levels; 500m, 100m and 1500m. Back trajectory analysis 
provides important information about types of aerosols 
and their source region (Kaskaoutis et al., 2010). NCEP 
reanalysis monthly soil moisture product was also used to 
see the spatial and temporal variation of moisture content 
in the soil during the sampling period. 

rESULtS AND DIScUSSION

Soil moisture analysis for the pre-monsoon dust season
Dust outflow is known to increase tremendously in the 
pre-monsoon months of April – June (Askary et al., 2006). 
It is known that the heightened dust activity is observed 
in arid and semi-arid regions, globally (Prospero et al., 
2002). Thus, soil moisture content is an important pre-
condition for triggering dust storm episodes in the region.  
Figure 2 shows the variation in the soil moisture content 
in millimeters (0 – 10 cm BGL; acquired from NCEP 
Reanalysis Daily Mean) over entire India. It is observed 
that there is a subsequent decrease in the moisture content 
over the northwestern part of IGP, covering the Thar desert. 
This explains the increase in dust emissions from the 
desert areas in the pre-monsoon season, from all the dust 
sources influencing aerosol load over India.

Aerosol optical properties and identification of dust storms
The western part of IGP experiences more dust events as 
compared to the eastern part in the months of May and 
June (Middleton, 1986). The variation of AOD at the study 
region was taken from the OMI and MODIS instruments 
(Figure 3, Table 1). Days that recorded OMI AOD500 and 
MODIS AOD550 (greater than 0.5) were considered as the 
days of the dust storm (Sharma et al., 2012). The peak 
AOD value recorded during the interval with high dust 
loadings is reported and used for correlation analysis at 
all the sampling sites. Five major dust events (Es) were 
identified from April to June. Based on satellite observations 
and dust fall monitoring measurements the five major 
dust storm events are identified on the following days; 
04 April (E1), 20 April (E2), 30 April (E3), 15 May (E4) 
and 30 June (E5). Figures 4 a and b show the dust storms 
on the 3rd of April and 27th of June, 2015 using corrected 
reflectance images of MODIS.  Most of the dust storm 
events occurred in the month of April and the highest AOD 
value recorded was greater than 2.0 and the dust fall flux 
measured was ~8465 mg/m2/day in BK. For most of the 
events, AOD values exceeding 1 were recorded at BK and 
JP sites, which are under the influence of Thar desert. Dust 
fall flux lies in the range for these dust storm events. The 
observations show that dust outflow during dust storms 
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leads to elevated AOD levels downwind. However, the 
maximum dust loading is observed in the regions lying in 
the proximity of the dust source. 

Table 1 shows aerosol optical characteristics during 
the five major dust storm events (Es) observed during the 
study period at all the study sites. The Angstrom Exponent 
(AE) is another important optical property indicative of the 
contribution from the fine mode particles. High values 
of AOD corresponding with low values of AE have been 
reported at some parts of the IGP (Dey et al., 2004; Singh 
et al., 2004; Pandithurai et al., 2008) and the Sahara region 
(Tanre et al., 2003).  In the present study, for all the dust 
storm events at BK, AE value was low (<0.4) indicating 
the abundance of coarse mode particles, which in this case 
come from desert dust aerosols, both local and transported. 
For most of the dust storm events at all the sites, low AE 
values were seen. 

Further, the air mass back trajectories calculated 
over the first site, BK, from where the long-transported 
dust plume enters India, shows the source of dust that 

enters into India (Figure 5). The dust plume is seen to 
pass over dust sources located in the Arabian Peninsula 
covering Iran, southwest Asia, Pakistan and the Thar 
desert. For event E5, the air mass at higher altitude 
transports the dust plume from north western Africa 
crossing the Arabian Sea to India.  Thus, influence of 
local and distant sources is seen for all the major dust 
storm events in India.

Chemical characteristics of aerosols during dust storm 
events
In order to understand the chemical composition of 
the atmospheric aerosols during major dust events 
observed in this study, flux of major ions and cations was 
calculated (Figures 6 & 7). It was found that at all the 
sites the dominating cation was Ca2+ with the maximum 
composite value for all events recorded as 106.7, 83.5, 
35.5, 7.4 and 17.5 mg/m2/day at BK, JP, HS, DL and AG 
respectively. The flux was seen to decrease eastwards, 
indicating the abundance of crustal sources in the sites 

table 1. Event wise AOD from MODIS and OMI, MODIS AE and dustfall flux (mg/m2/day) at the five sampling sites.

Site Event (E) AOD_MODIS AOD_OMI AE Dustfall Flux 

BK 1 2.42 - - 8465

2 1.34 0.80 0.40 6778

3 1.21 0.98 0.07 5675

4 - - 0.03 3360

5 1.41 - 0.32 4396

JP 1 0.75 - 1.35 2840

2 0.45 0.73 1.24 3544

3 0.48 0.54 0.69 2619

4 0.50 - 1.8 3983

5 0.39 - 1.8 -

HS 1 1.59 - 1.5 1795

2 0.90 0.59 0.14 2006

3 0.84 1.05 0.22 1369

4 1.2 0.79 0.20 1184

5 0.90 0.38 1.8 1113

DL 1 1.17 - 1.5 279

2 0.68 0.74 0.43 734

3 0.66 0.72 0.56 818

4 - 0.79 0.55 378

5 0.65 - - 470

AG 1 0.65 - 1.79 1018

2 0.78 1.07 1.21 3040

3 0.75 0.61 0.69 965

4 0.52 - 0.71 2303

5 0.56 - - 697
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lying in close proximity of the Thar desert. The second 
highest flux was seen for Na+ ions at BK and JP (15.4 
and 6.0 mg/m2/day, respectively). The flux Na+ was also 
seen to decrease downwind indicating the influence of 
sea salt fraction in the dust plume transported from the 
Arabian sea. 

The dominance of crustal sources explains the low AE 
values reported for the major dust events. The dominating 
anions with the maximum flux values were seen to be 
SO4

2- and NO3
-  at all the sites, during all the five dust 

storm events. The flux for SO4
2- did not show much 

variation downwind. Much of this SO4
2- has been reported 

as calcium sulphate in Indian region due to the adsorption 
of atmospheric SO2 onto the CaCO3 rich dust particles 
(Kulshrestha et al., 2003a, 2003b). Thus being acidic gas, 
the ambient SO2 is effectively scavenged by the alkaline dust 
in the region (Kulshrestha, 2004; Kulshrestha et al., 2009).

         This is the main reason for very low concentrations of 
SO2 in ambient air in most parts of north India.  However, 
NO3

-flux was the highest in DL (4.7 mg/m2/day) followed 
by HS (2.0 mg/m2/day) ,which shows the dominance of 
anthropogenic emissions in bigger cities. Daily flux for 
Cl- followed similar site wise trend as was seen in the case 
of Na+ flux, further strengthening the impact of distant 
sources on local air quality in India.  
       Further, as the highest flux was reported for SO4

2-, NO3
-   

and Ca2+, the ability of Ca2+ in neutralizing SO4
2- and 

NO3
- for all dust events at all sites was calculated (Figure 

8). For events E1, E3 and E5 the correlation coefficient 
was positive. The value of Pearson Coefficient (r), at 95% 
significance level,  is 0.70, -0.31, 0.57, -0.22 and -0.92 
for the five dust events, respectively. This indicates the 
availability of Ca2+ in the dust aerosols in providing surface 
for neutralization of SO4

2- and NO3
-. 

 Figure 3. Day to day MODIS AOD variation from April to June, 2015 at all five sampling sites.

Figure 4. MODIS images a and b showing the dust storms on the 3rd April and 27th June, 2015, respectively.
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Figures 6 & 7. Total flux of major cations and anions at all the sampling sites during all five dust storm events.

Figure 5. Back trajectory analysis for the five dust storm events at Bikaner.
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cONcLUSIONS

In this study, we identified five major dust storm events 
based on the AOD values (>0.5) derived from the MODIS 
and OMI instruments and corroborated by the ground 
monitored dust fall flux measurements at the sampling 
locations. An analysis of the optical properties shows the 
dominance of coarse mode particles during all the events 
with low MODIS AE values recorded for dust events 
observed at the sites located in the close proximity of 
Thar desert. Back trajectory analysis showed the influence 
of dust sources in the north-west Africa and the Middle 
East on the air quality observed over the IGP. Chemical 
characterization of the dust fall samples showed that Ca2+ 

was the most dominating cation indicating the dominance 
of crustal sources at all the sites. The highest flux was 
recorded for SO4

2- and NO3
-. The NO3

- flux was observed 
to increase downwind towards the sites (DL, HS) with high 
anthropogenic emissions. The fluxes of Na+ and Cl- were 
also high during major dust events. However, they were 
seen to decrease downwind indicating the influence of 
sea salt fraction in the dust plume transported from the 
Arabian sea.
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  “These dust storms.... Poor farmer spent a lifetime fixin’ his farm and everything, goes out and 
looks down at it, and it’s up above him”. -HYPERLINK “http://www.azquotes.com/author/12553

-Will_Rogers”Will Rogers (1879 – 1935) was a motion picture actor and social commentator.
***

“The storm took place at sundown; it lasted through the night, 
When we looked out next morning, we saw a terrible sight 
We saw outside our window where wheat fields they had grown
Was now a ripping ocean of dust the wind had blown”.  

- Woody Guthrie (1912 –1967) was an American singer
***

“Travelling, you realize that differences are lost: each city takes to resembling all cities, places 
exchange their form, order, distances, a shapeless dust cloud invades the continents”.  

- Italo Calvino (1923 – 1985) was an Italian journalist


