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Abstract 

 The spatio-temporal dynamics of irrigation in the arid landscapes of the Thar Desert has been 

quantified using 16 Day composite  MODIS sensor derived MOD13Q time series for the year 2016-2017 for 

estimating the relative contribution of irrigated and rain-fed agriculture in the bi-modal crop growth cycle 

practiced in these areas. The documentation of the expansion of irrigation in the Thar Desert carried out 

using time series of mid-February MOD13Q data sets indicates a fourfold increase in the area under 

groundwater irrigation over the period 2001-2017. In fact over the course of this period, the area under 

groundwater irrigation has substantially surpassed the area under canal irrigation.   
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Introduction  
 Dry lands, straddling the western margins of continents in tropical and sub-tropical latitudinal belts 

in Asia, North America, Australia and Africa, account for almost about 40% of the land mass. Scarcity of 

water resources has been and remains the primary cause for sparse occupation of these regions by humans 

over the course of the last two millennia. The outlook towards the carrying capacity of arid lands begin to 

change with advances in civil engineering, which allowed large scale transportation of exotic river waters, 

impounded behind earthen/gravity dams, through network of irrigation channels. These gains have made 

possible by not only large scale diversion of waters from rivers originating and flowing through humid 

regions but also the mining of groundwater reserves by millions of electrified wells. The development of 

fossil fuel driven pumps during the early 20th century and the expansion of electrification has led to 

unprecedented expansion in extent of groundwater irrigated croplands in arid zones. The availability of 

water in these sparsely populated lands attracted people not only from neighboring regions but also from 

far-off lands to come and settle in the arid and semi arid regions. About 1.5 billion people inhibit these dry 
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lands (Bruinsima, 2011). These irrigated croplands in dry lands have immensely contributed to global and 

regional food security. The arid zones receive only 2.2% of the world's water but are home to 21.5% of the 

population (Saadi, 2018). 

 Nevertheless, as the number of human beings inhabiting planet earth inches closer towards 8 billion, 

further rapid increases in agricultural production will be required to meet future food and fiber demands. It 

has been projected that about 9 billion humans will inhabit the planet by the year 2050 (United Nations, 

2015).  An estimated 4 billion people – one half if the world’s population – will live under conditions of 

severe water stress in 2025, particularly in Africa and in the Middle East and South Asia. While the water 

resources are finite, but demand in various sectors is increasing. Sustainable management of scarce water 

resources in arid and semi arid regions will be one of the biggest environmental and societal challenges of 

the 21st century (Biags, 2012).  

 This goal can be achieved either by bringing more area under irrigation or by increasing the yields of 

existing cropped area whilst using reduced quantities of irrigation. Irrigated agricultural lands occupy less 

than 20% of all cropped area but produce 40–45% of the world’s food. It is generally expected that irrigated 

agriculture will have to be considerably extended in the future in order to feed growing population. 

However, the prospects for finding new water sources are relatively slim, because most of the surface water 

resources have already been exploited (Shah and Dalwadi, 2011). Moreover, there is a growing concern 

among the policy-makers that current patterns of groundwater withdrawal, in a large number of densely 

populated arid and semi-arid regions, are not sustainable (Foley, 2011). In fact quite a number of localities 

situated within these intensive cultivated lands have begun to run out of water (Chen et al., 2014; 

Famiglietti, 2014). 

In the current context of increasing irrigation water demand and dwindling supplies in many regions, 

the way forward is to cut down on inefficient water use on crop lands in the commands of large and small 

irrigation projects on one hand and limiting the abstraction of fossil groundwater to annual recharge rates on 

the other. However, it is easier said than done. For making the agricultural sector sustainable, the scientific 
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community must be able to measure, monitor and analyze the agricultural sectors’ environmental footprint. 

For this, it is essential to develop spatially referenced data sets of the geographic distribution of agricultural 

land use and land cover change from field scale to regional and global scales. Ramankutty et al. (2008) were 

pioneers in developed global scale data sets of agricultural land-cover by using MODIS satellite derived 

imageries, which have a high temporal resolution of one day and spatial resolution of 250 meters.. The 

agricultural land-cover maps derived from these data sets were verified using ground based agricultural 

inventory data sets maintained by the FAO. According to these data sets, there were 1500 million hectares 

of cropland (only about 10% of the Earth’s land surface) in the year 2000 (FAO, 2009). The rest of area is 

by and large inhospitable for agricultural activities. The most detailed investigation conducted for mapping 

of the irrigated areas across different region of Earth has been carried out by Thenkabail et al. (2009). This 

study reported that the aggregated annual irrigated area of the World at the end of the last millennium was 

467million hectares (Mha), and the net irrigated area was 399 Mha.  

With the increasing availability of freely available remotely sensed imagery at various temporal and 

spatial resolutions, it is now possible to map the spatio-temporal dynamics of both the expansion as well as 

contraction, if any, of irrigated agriculture from field scale to regionals and global scales. In this study an 

attempt has been made to carry out such an investigation for the districts falling within the Indian part of the 

Thar desert. 

Objective 

The primary research objective addressed in this paper is to quantify the spatio-temporal dynamics 

of expansion of irrigated agriculture in the Thar desert.  

Study Area 

 The arid lands of the Indian sub-continent, falling in the Indus basin witnessed advent and 

advancement of canal irrigation under the British rule since the middle of 19th century. Most of these 

developments occurred in areas of western Punjab and Sindh, now are part of Pakistan. The post 

independence period witnessed unprecedented expansion of irrigated agriculture in the Indian part of 

Punjab, Haryana and the western districts of Rajasthan. The signing of Indus Water Treaty between India 
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and Pakistan made available the waters of Ravi, Beas and Sutlej rivers available for use in India. These 

desolate and dreary lands of Rajasthan’s Thar desert have immensely benefited from these water resources. 

The Rajasthan government has endeavored hard to extend irrigation facilities to as larger a spatial scale as 

possible in the parched arid lands of Thar by making provisions of canal irrigation in Sriganaganagr, 

Hanumangarh, Bikaner, Jaisalmer, Jodhpur, Churu and Barmer districts (Figure 1).  Irrigation 

facilities in these districts are provided via the Gang canal irrigation scheme, the Bhakra irrigation scheme 

and the Indira Gandhi Canal Project (Figure 2). 

 

Figure 1: Study Area 

 In the last three decades this region has also witnessed widespread adoption of groundwater 

irrigation as well. This study has been carried out for quantifying the sequential expansion of not only canal 

irrigation but also the groundwater irrigation in the Thar since the beginning of the 21st century.  Hence one 

of the challenges for this regional scale study was to distinguish the areas receiving canal irrigation from the 

areas receiving groundwater irrigation. This problem is due to the fact that the districts of Sriganganagar, 

Hanumangarh and Bikaner, and Jaisalmer and Barmer share the international boundary with Pakistan. Due 

to this reason detailed maps i.e. 1:50000 and higher spatial resolution, are classified. Hence the irrigation 

command was mapped using Index images of IGNP and other commands released by the irrigation 
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authorities in the public domain. Index map of IGNP was sourced from: 

http://nwa.mah.nic.in/sdmc/irrigation/04_projects.htm  

Mapping of the Bhakra command area and Gang command area was carried out using screenshot of a map 

of Bhakra and Gang command at the India WRIS website: http://www.india-

wris.nrsc.gov.in/wrpinfo/index.php?title=Gang_Canal_Major_Irrigation_Project_JI01487 

 

Figure 2:Canal  Irrigation Schemes boundary outline superimposed upon satellite imagery derived croplands in Thar. 

 

 It is assumed that the areas receiving canal irrigation don’t use groundwater on a significant scale. 

This assumption is supported by the fact that the western districts of the Thar are underlain with aquifers 

having saline groundwater. The areas not receiving canal irrigation but still supporting vibrant croplands in 

the Rabi season are considered as those receiving groundwater irrigation.  
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5.3  Data Sets  
 Remotely sensed imageries acquired by the MODIS (onboard Terra and Aqua satellites) have been 

used for mapping the spatial distribution of irrigated agriculture tracts across the vast expanse of the Thar 

desert (Figure 3). The MODIS VI products are currently produced at 250 m, 500 m, 1 km spatial resolutions 

and are generated in square tile units that are approximately 1200-by-1200 km at the equator (Didan et al., 

2015). The revisit period is daily. Figure 3 also shows the outline boundary of study area superimposed 

upon the MODIS data product.   

 

Figure 3: Study area boundary superimposed upon MODIS 13Q1 imagery covering the states of Rajasthan, Gujarat in India and Sindh in 
Pakistan 

  Following MOD13Q1 products (tiles no h24 and v06 projected on the sinusoidal projection) 

pertaining to the months February 2001, February 2006, February 2011 and February 2017 were ordered 

and downloaded from the NASA’s Earthdata archives accessible from the webpage: 

https://ladsweb.modaps.eosdis.nasa.gov  

 MOD13Q1.A2016097.h24v06.006.2016114040008.hdf 

 MOD13Q1.A2016113.h24v06.006.2016130115052.hdf 

 MOD13Q1.A2016129.h24v06.006.2016147112511.hdf 

 MOD13Q1.A2016145.h24v06.006.2016166144321.hdf 

 MOD13Q1.A2016161.h24v06.006.2016184011444.hdf 
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 MOD13Q1.A2016177.h24v06.006.2016200100252.hdf 

 MOD13Q1.A2016193.h24v06.006.2016215084440.hdf 

 MOD13Q1.A2016209.h24v06.006.2016229083439.hdf 

 MOD13Q1.A2016225.h24v06.006.2016243085135.hdf 

 MOD13Q1.A2016241.h24v06.006.2016263150747.hdf 

 MOD13Q1.A2016257.h24v06.006.2016274144553.hdf 

 MOD13Q1.A2016273.h24v06.006.2016292070813.hdf 

 MOD13Q1.A2016289.h24v06.006.2016306042957.hdf 

 MOD13Q1.A2016305.h24v06.006.2016322044946.hdf 

 MOD13Q1.A2016321.h24v06.006.2016340092440.hdf 

 MOD13Q1.A2016337.h24v06.006.2016357044101.hdf 

 MOD13Q1.A2016353.h24v06.006.2017010090029.hdf 

 MOD13Q1.A2017001.h24v06.006.2017020214139.hdf 

 MOD13Q1.A2017017.h24v06.006.2017034073342.hdf 

 MOD13Q1.A2017033.h24v06.006.2017053061738.hdf 

 MOD13Q1.A2017049.h24v06.006.2017066031313.hdf 

 MOD13Q1.A2017065.h24v06.006.2017082120945.hdf 

 MOD13Q1.A2017081.h24v06.006.2017111085114.hdf 

 MOD13Q1.A2017097.h24v06.006.2017116142332.hdf 

 MOD13Q1.A2017113.h24v06.006.2017131092255.hdf 

 MOD13Q1.A2017129.h24v06.006.2017145230748.hdf 

 MOD13Q1.A2017145.h24v06.006.2017164072225.hdf 

 MOD13Q1.A2001049.h24v06.005.2007002105540.hdf 

 MOD13Q1.A2006049.h24v06.005.2008077220257.hdf 

 MOD13Q1.A2011049.h24v06.005.2011074021249.hdf 

Methods 

 Vegetation Indices (VIs) obtained from remote sensing based canopies are quite simple and effective 

algorithms for quantitative and qualitative evaluations of vegetation cover, vigor, and growth dynamics and 

can be used for applications in environmental monitoring, biodiversity conservation, forestry, and 

agriculture. The reflectance of light spectra from plants changes with plant type, water content within 

tissues, and other intrinsic factors. The main applications for remote sensing of vegetation are based on the: 

(i) the ultraviolet region (UV), which goes from 10 to 380 nm; (ii) the blue (450–495 nm), green 

(495−570 nm), and red (620–750 nm) spectral wavelength regions; and (iii) the near and mid infrared band 

(850–1700 nm) (Cruden et al., 2012). The reflected energy in the visible part of the electro-magenetic is 

very low as a result of high absorption by photosynthetically active pigments, with maximum absorption 

values in the blue (470 nm) and red (670 nm) wavelengths. Nearly all of the near-infrared radiation (NIR) is 

scattered (reflected and transmitted) back with very little absorption, in a manner dependent upon the 

structural properties of a canopy (LAI, leaf angle distribution, leaf morphology). As a result, the contrast 
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between red and near-infrared responses (called the red shift) is a sensitive measure of vegetation amount, 

with maximum red−NIR differences occurring over a full canopy and minimal contrast over targets with 

little or no vegetation (Didan et al., 2015). The normalized difference vegetation index (NDVI) is the most 

popular approach to generate vegetation maps using the spectrum characteristics of remote sensing sensors. 

The NDVI is a normalized transform of the NIR to red reflectance ratio, designed to standardize VI values 

to between −1 and +1. It is commonly expressed as: 

 NDVI = (NIR-RED)/(NIR+RED) 

 Jordan (1969) was the pioneer who first of all proposed the first VIs named Ratio Vegetation Index 

(RVI), which is based on the principle that leaves absorb relatively more red than infrared light. Rouse 

(1973) employed the normalized difference vegetation index (NDVI) upon the Landsat MSS imagery for 

evaluating green vegetation properties. Shao et.al (2010) have employed the MODIS sensor derived NDVI 

data for mapping cropland and major crop types across the Great Lakes Basin. 

MODIS based Mapping of Croplands at Regional Scale 
 The MOD13Q1 product, accessed in the hdf format from the NASA’s Earthdata archives was pre-

processed in the Modis Swath Re-projection Tool (MRT) for re-projection to UTM Projection and GeoTiff 

format. Each of these GeoTiff images was further processed using ENVI and ArcGIS. MODIS image 

derived NDVI map showing the spatial distribution of vegetated tracts in the study area is displayed below 

(Figure 4).  
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Figure 4: Spatial variations in NDVI derived vegetation vigor in the Thar Desert 

 NDVI thresholding approach is often used for distinguishing vegetated areas from other surface 

types. For instance, the positive values of NDVI above 0.3 indicates dense vegetation in an area, values 

above 0.5 indicate dense forests and agricultural fields with crops on full vigor, while soils are characterized 

by rather small positive values of 0.1 to 0.2 (Cheng et al., 2008). NDVI threshold of 0.3 have been 

employed for distinguishing the agricultural fields from the sand dunes.  

 The mapping of croplands using 16 day MOD13Q data products (listed above in the Data Sets 

section), for the period May 2016 to April 2017 was carried out. This analysis of these  images indicated 

that the images captured during the month of September and February are most suitable for mapping the 

maximum extent irrigated croplands in Kharif and Rabi seasons respectively (Figure 5 and Figure 6).  
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Figure 5: Croplands (Rain-fed and irrigated) in October. 

 

Figure 6: Croplands (Irrigated only) in February 2017. 

 Raising of rain-fed Kahrif crops is widespread in this arid zone during the monsoon season and it is 

very difficult to distinguish the irrigated croplands from the rain fed croplands from the images captured 

during the month of September and early October. The total area under the Kharif crops derived from the 

MODIS imagery of the month of October 2016 is 4.2 Million Hectares while that during the Rabi season 

was only 2.2 Million Hectares only. This is about 40% less than the area under crops in October. This fact 

explains the role of rain-fed cropping practices in this region. It is also clearly evident from October map 
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that almost about 50% of croplands are in the non-canal irrigated areas.  These croplands are raising these 

crops either in rain-fed conditions or they are sourcing some irrigation supplies from groundwater sources. 

 From the standpoint of irrigation, the image acquired in February (Figure 6) is most suitable as 

during this time the Rabi crops are at their highest vigor and best quantified on satellite images. The total 

area under the crops in the month of February of 2017 is 2.2 Million Hectare. Even among these croplands, 

a substantial chunk is in the areas without accessibility to canal irrigation, indicating the role of groundwater 

irrigation in these chunks. 

 Therefore for mapping the temporal dynamics of canal and groundwater irrigation during the period 

2001 to 2017, MODIS imageries of the month of February for the years 2001, 2006, 2011 and 2017 were 

also processed and using a NDVI threshold of 0.3. The resulting maps of irrigated croplands in these years 

are presented in Figure 6, Figure 7, Figure 8 and Figure 9.    

 

Figure 7: Croplands (irrigated) during February 2006 in Study area. 
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Figure 8: Croplands (irrigated) during February 2011 in study area. 

 

 

Figure 9: MODIS derived irrigated croplands in February 2017 in study area. 

 

 The overall changes in the area under irrigation wise in the canal and groundwater dependent regions 

is given in Table below. This table indicates that the area under irrigation has substantially increased in the 

16 year period. The area under canal irrigation witnessed and increase from 951124 Hectares in 2001 to 

1493733 in the year 2011. In the last six year it has declined to 130538 hectares during 1305348 Hectares 

due to firming of irrigation water supplies in the IGNP system. The area groundwater irrigation has 

leapfrogged from 361261 Hectares to 1218609 Hectares, an almost 300% increase.  
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Table 1:Temporal dynamics of area under irrigation in the Thar Desert during the period 2001 to 2017. 

 Rabi 2001 Rabi 2006 Rabi 2011 Rabi 2107 

Canal Irrigated 951124 1219044 1493733 1305348 

Groundwater Irrigated 361261 503548 1379282 1218609 

Total Irrigated Area 1312385 1722692 2873015 2523957 

 

Conclusion 

 The regional scale mapping of irrigated and rain-fed croplands in the arid lands of Thar Desert using 

coarse spatial resolution MOD13Q data sets has revealed interesting spatio-temporal patterns. Overall the 

area under irrigation has doubled in last decade and half. Among the sources of irrigation, the expansion of 

area under groundwater irrigation  has been phenomenal and has surpassed the area under canal irrigation.  
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