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Abstract

Rajasthan is among India’s most drought-prone states, with more than 60 per cent of the
districts in high-risk zones, where recurrent water scarcity and drought occur?. Understanding
the spatial patterns of drought vulnerability is therefore critical for designing targeted
adaptation and resource management strategies. This policy brief presents a geospatial
analysis of drought vulnerability and its implications for crop productivity across districts of
Rajasthan.

By integrating satellite-derived indicators, climatic variables, and agricultural data, the
analysis identifies regions where crop productivity is most sensitive to drought conditions.
The study combines drought indicators such as rainfall variability, drought index, and
groundwater levels with crop productivity trends to map vulnerability hotspots. The results
reveal substantial spatial heterogeneity, with western and northern regions of Rajasthan
emerging as critical hotspots exhibiting higher vulnerability due to persistent rainfall deficits,
limited irrigation coverage, and fragile agro-ecological conditions. The findings highlight the
need for localised policy interventions, including climate-resilient crop planning, improved
water management, and targeted drought mitigation programs. By leveraging geospatial
tools, the policy brief provides a data-driven framework to support state-level planning and
strengthen drought resilience in Rajasthan’s agricultural sector.
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Spatial Vulnerability of Drought on Crop Production: A Case Study of Rajasthan
Amit Kumar?, Kartik Nair> & Amrita Goldar*
1. Introduction

Climate risks arise from the interaction of hazards (such as drought, extreme rainfall, or heat
stress) with people, assets, livelihoods, and ecosystems in areas that may be adversely
affected. While hazard trends are increasingly well documented, effective climate risk
management also requires a clear understanding of exposure, the spatial distribution of
populations, economic activity, and natural systems within hazard-prone locations (Nicholson
etal., 2023). Exposure shapes how strongly an exposed system is affected and how effectively
it can anticipate, cope with, and recover from climate impacts. Together, these three
components determine overall climate risk and provide a structured basis for prioritising
resilience and adaptation actions.

Drought, a key climatic hazard, significantly affects a large global population, often surpassing
the impact of other disasters (Coly et al., 2023; Mahato et al., 2023). In recent years, droughts
have had a significant impact on India due to their increasing frequency and severity,
necessitating greater community resilience to manage these conditions effectively. Despite
the significant influence of droughts on agriculture and water resources, India lacks long-term
data to study droughts and their impacts at appropriate regional and temporal scales
(Chuphal et al., 2024). In fact, understanding drought vulnerability in agriculture, one of the
key sectors, is vital for identifying sectoral losses at the sub-national level.

This analysis focuses on drought exposure in Rajasthan, a state characterised by high inter-
annual rainfall variability, arid and semi-arid agro-climatic conditions, and significant
dependence on climate-sensitive livelihoods. Drought conditions have recurring implications
for agricultural output, rural incomes, groundwater stress, and broader economic stability,
especially where production systems are heavily reliant on rainfall and water buffers are
limited. At the same time, drought risk is not uniform within the state; districts differ
substantially in rainfall patterns, hydrogeological conditions, irrigation access, cropping
decisions, and the concentration of exposed agricultural activity. As a result, districts
experiencing broadly similar rainfall shocks can face different levels of stress depending on
what is in drought-prone areas and the extent to which livelihoods depend on rainfed
production.

Given limited fiscal and institutional capacity, adaptation and drought preparedness
measures must be targeted strategically. A spatially comparable drought vulnerability index
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4 Professor and Thematic Lead, Climate Change, Urbanisation and Sustainability (CCUS), ICRIER



can support more transparent and evidence-based prioritisation by identifying relative
hotspots within Rajasthan. Such an index can help decision makers:

(i) target drought preparedness and response planning;

(ii) prioritise investments in water management, irrigation efficiency, and climate-
resilient agriculture;

(iii) strengthen risk-informed agricultural planning, including crop choice measures; and

(iv) monitor how drought exposure evolves over time as land use, irrigation patterns, and
agricultural activity change.

This analysis complements the Rajasthan’s State Action Plan for Climate Change (RSAPCC) as,
both the analysis uses historical data and corelation techniques to identify vulnerable
districts. The only difference is that RSAPCC uses Principal Component Analysis (PCA) to
identify vulnerability whereas, this analysis uses a combination of Analytical Hierarchy
Process (AHP) and GIS based weighted overly technique®.

This analysis is relevant for policymakers because drought management in Rajasthan cannot
be approached uniformly across districts which is also highlighted in the RSAPCC®. Public
resources for irrigation, groundwater management, crop diversification and drought
response are limited and must be targeted where climate stresses and agricultural
dependence intersect most strongly. A spatially differentiated assessment helps identify
where drought is most likely to translate into crop production losses, enabling more efficient
prioritisation of adaptation measures. It also supports district-level planning by helping
policymakers distinguish between areas that require immediate drought-risk mitigation and
those where preventive investments in water governance, climate-resilient agriculture, and
productivity stabilisation may be more effective.

Existing work has documented the long-term evolution of drought in India, including district-
level drought occurrence and broader patterns of climatic vulnerability (Chuphal et al., 2024).
Other studies have examined rainfall and groundwater trends in Rajasthan (Monir & Sarker,
2024), while vulnerability assessments in other regions have applied multi-criteria techniques
such as fuzzy logic and the Analytical Hierarchy Process (AHP) to assess drought risks (Mahato
et al., 2023). However, much of this literature either focuses on drought as a climatic or
hydrological phenomenon in isolation or examines vulnerability without explicitly linking it to
spatial patterns of crop production. This analysis differs in that it combines climatic,
hydrological, and agricultural indicators within a single district-level geospatial framework for
Rajasthan. In doing so, it moves beyond identifying where drought conditions are severe to

5 https://environment.rajasthan.gov.in/content/dam/environment/Env/Pdf Files/Draft%200f%20State%20Action%20Plan%200n%20
Climate%20Change%202022.pdf
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showing where drought is most likely to affect agricultural production, thereby offering a
more actionable basis for prioritising policy interventions.

To enable this, a drought sensitivity analysis is developed using long-term observed climatic
data and standardised indicators. The analysis provides a guide for deeper diagnostics and
supports district-level prioritisation of interventions. The analysis complements the index by
assessing how drought exposure intersects with crop production patterns, indicating where
targeted measures may yield the greatest benefits.

2. Methodology

Drought is a prolonged period of below-average precipitation that can lead to significant
water shortages, crop failures, and ecological stress. The Drought Exposure Index (DEIl) is a
guantitative measure used to assess the degree to which different regions are exposed to
drought conditions over time. This index is particularly valuable for identifying areas where
drought poses recurring or intensifying risks to agriculture, water security, and livelihoods. In
this study, drought exposure is taken from the publicly available database of IMD’. The DEI
provides a measure of drought exposure across regions, supporting climate risk assessment
and resource planning efforts, particularly in drought-prone and agriculturally sensitive areas.

To assess how drought vulnerability affects crop production across Rajasthan, the analysis
adopts a multilayer hotspot analysis approach using a Geographic Information System (GIS)
framework, as illustrated in Figure 1. The approach brings together thematic and climatic
layers, including the hydrological layer, and socio-economic layers (including agricultural
layers) to identify districts where crop production is most vulnerable to drought-related
stress. The workflow involves four main steps: data collection, selection of relevant indicators,
preparation of spatial raster layers, and weighted aggregation to identify district-level
vulnerability hotspots.

7 https://imdpune.gov.in/hazardatlas/droughtnew.html



Figure 1: Flowchart for the Methodology Adopted
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A layered approach has been used because drought-related agricultural risk s
multidimensional and cannot be adequately captured by a single indicator. Rainfall deficits
alone do not determine agricultural losses; their effects are shaped by accompanying
temperature stress, the availability of groundwater as a buffer, and the scale of crop
production exposed to these conditions. A geospatial layering framework, therefore, makes
it possible to analyse multiple dimensions of vulnerability together and compare them
consistently across districts.

The methodology combines thematic, climatic, and socio-economic indicators because each
captures a distinct channel through which drought affects farm outcomes. Climatic indicators
such as rainfall and temperature reflect the intensity of meteorological stress. Groundwater
levels show the extent to which water scarcity can either be absorbed or amplified. Socio-
economic indicators, such as crop production, reflect the scale of economic activity exposed
to drought conditions. Considered individually, each indicator provides only partial
information. Taken together, they help identify where multiple stressors converge and where
drought is most likely to translate into significant agricultural losses. This makes the analysis
more policy-relevant than a single-variable drought map, as it identifies not only where
drought conditions exist, but also where those conditions are likely to have the greatest
consequences for crop production and rural livelihoods.



To integrate these layers into a single and interpretable vulnerability surface, the analysis uses
a weighted overlay approach. This is important because the selected indicators do not affect
crop production uniformly. For instance, a district with low rainfall but relatively better
groundwater access may face lower effective production risk than a district with similar
rainfall conditions but depleted aquifers and high thermal stress. To reflect these differences,
the analysis employs the Analytical Hierarchy Process (AHP) to assign relative weights to the
selected raster layers. Pairwise comparison matrices are developed to assess the comparative
influence of each parameter on crop production vulnerability, and consistency ratios were
used to validate the weight assignments. The derived weights are then applied in the
weighted overlay analysis to generate an integrated district-level map of drought-induced
crop production vulnerability.

In operational terms, the analysis uses the IMD drought vulnerability index together with key
climatic and socio-economic layers for Rajasthan. These included rainfall, annual average
maximum temperature, groundwater level, and district-level crop production. Each layer is
processed spatially and incorporated into the GIS-based framework to produce a composite
hotspot assessment of drought-related agricultural vulnerability.

2.1 Preparation of Raster Layers

Each selected indicator is converted into a district-level raster layer to enable spatial
comparison and integration within the GIS environment. The following subsections describe
the construction and interpretation of each layer.

2.1.1 Thematic Layer
2.1.1.1 Drought Vulnerability Index

The Indian Meteorological Department (IMD) has conducted a comprehensive drought-
normalised vulnerability index assessment at the district level across India®. A subset of this
assessment, focusing specifically on Rajasthan, is extracted and subsequently converted into
a raster representation, as illustrated in Figure 2. The analysis reveals that the northwestern
region of Rajasthan exhibits the highest drought vulnerability, with Bikaner and Jalor districts
registering the highest vulnerability index values. In contrast, the western districts of
Jaisalmer and Barmer exhibit comparatively lower susceptibility to drought.

8 https://imdpune.gov.in/hazardatlas/droughtnew.html



Figure 2: Drought Vulnerability Index at the District-Level for Rajasthan
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2.1.2 C(Climate Layer
2.1.2.1 Rainfall Intensity

The annual average rainfall data spanning the last 21 years (Monir & Sarker, 2024) were
utilised to generate a district-level raster dataset for Rajasthan, as depicted in Figure 3. The
analysis of this long-term precipitation record reveals a distinct spatial pattern, with districts
in the eastern region of Rajasthan receiving the highest annual rainfall and those in the
western region the lowest. This observed rainfall gradient clearly correlates with drought
vulnerability patterns, in which the western and northwestern districts, characterised by
significantly lower rainfall, exhibit heightened susceptibility to drought.



Figure 3: Rainfall Intensity at the District-Level for Rajasthan
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2.1.2.2 Annual Average Maximum Temperature

District-level temperature data for Rajasthan were obtained from the IMD® and processed
into a raster dataset, as illustrated in Figure 4. The analysis of annual average maximum
temperatures reveals significant spatial variability across the state. While most districts
recorded temperatures below 47°C, two districts, Churu and Barmer, exhibited extreme
values exceeding 49.44°C. Additionally, four districts (Bikaner, Ganganagar, Jaipur, and
Jaisalmer) consistently experienced elevated temperatures, ranging between 48.88°C and
49.40°C.

Temperature plays a critical role in drought-related vulnerability by influencing
evapotranspiration rates, soil moisture depletion, and water stress. The persistently high
temperatures observed in western and northwestern Rajasthan, particularly in Churu,
Barmer, Bikaner, and Jaisalmer, exacerbate aridity, thereby intensifying regional drought
susceptibility. These thermal extremes align with the spatial patterns of drought vulnerability
identified in earlier assessments, reinforcing the interplay between climatic stressors and
ecological resilience. The integration of temperature data into vulnerability models enhances
the precision of drought risk evaluations, supporting targeted mitigation strategies in hyper-
arid zones.

° https://mausam.imd.gov.in/



Figure 4: Annual Average Maximum Temperature at the District-Level for Rajasthan
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2.1.2.3 Groundwater Level

Long-term groundwater level data spanning 21 years (Monir & Sarker, 2024) were analysed
to generate a district-level raster dataset for Rajasthan (Figure 5). The spatial analysis reveals
critical patterns of groundwater depletion, with eastern Rajasthan exhibiting severe declines,
reaching depths of up to 49 meters, indicating substantial stress on aquifers. In contrast,
western and southwestern districts maintain relatively stable groundwater levels, with
depths ranging between 7 and 14 meters.

Groundwater depletion serves as a key indicator of hydrological drought and directly
exacerbates agricultural vulnerability. The acute depletion observed in eastern Rajasthan, a
traditionally higher-rainfall zone, suggests unsustainable extraction rates, likely driven by
intensive irrigation demands. This depletion diminishes the buffer capacity of aquifers during
periods of rainfall deficit, heightening drought susceptibility. Consequently, crop production
in these regions faces amplified risks, as groundwater-dependent irrigation systems become
unreliable.

Conversely, the stable groundwater levels in western districts, despite their arid climate, may
reflect lower extraction pressures due to reduced agricultural intensity or alternative water
management practices. However, the shallow groundwater tables in these regions remain
highly sensitive to interannual variability in monsoon rainfall, posing risks for rainfed and
irrigated agriculture alike.



This groundwater availability underscores the nonlinear relationship between drought
resilience and agricultural output, emphasising the need for spatially differentiated water
governance strategies.

Figure 5: District-Level Groundwater Level for Rajasthan
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2.1.3 Socio-economic Layers
2.1.3.1 Crop Production

District-level annual crop production data (in million tons) for the year 2021-2022 were
obtained from the Agricultural Statistics published by the Directorate of Economics,
Government of Rajasthan. These data were subsequently processed and spatially
represented as a raster dataset, as depicted in Figure 6. The analysis reveals pronounced
spatial heterogeneity in agricultural output, with Alwar, Bhilwara, and Jaipur emerging as the
highest-producing districts during the study period.

The spatial variability in crop production must be contextualised within the framework of
regional drought susceptibility. Districts exhibiting lower agricultural yields often correlate
with areas of heightened drought vulnerability. Prolonged water stress, exacerbated by
erratic precipitation and elevated temperatures, directly impairs soil fertility, reduces crop
yields, and threatens food security. Notably, the western and north-western regions of
Rajasthan, characterised by arid conditions and recurrent droughts, exhibit lower agricultural
productivity than their eastern counterparts, where relatively higher rainfall supports more
stable crop yields. This disparity underscores the critical need for adaptive agricultural



practices, such as drought-resistant crop varieties and efficient irrigation systems, to mitigate
production losses in vulnerable zones. Integrating crop production data with drought
vulnerability indices can enhance predictive modelling and inform policy interventions aimed
at bolstering resilience in high-risk agroecological regions.

Figure 6: District-Level Crop Production of Rajasthan
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3. Results and Conclusion

The geospatial vulnerability assessment of drought-induced crop productivity losses in
Rajasthan reveals a distinct spatial gradient of risk severity across the state, as illustrated in
Figure 7. The analysis categorizes districts into five vulnerability classes, very low, low,
moderate, high, and very high, based on an integrated evaluation of climatic, hydrological,
and agricultural parameters.

The western and northern regions of Rajasthan emerge as critical hotspots, with the Bikaner
district exhibiting the highest level of vulnerability (very high). This extreme risk is attributed
to synergistic stressors, including prolonged aridity (mean annual rainfall <250 mm), elevated
temperatures (>48°C), and acute groundwater depletion (>40 m depth), factors that
collectively undermine agricultural resilience. Adjacent districts, notably Jalor (high risk) and
Jaisalmer (high risk), demonstrate similar vulnerability patterns, reflecting the broader
climatic and hydrological constraints characteristic of the Thar Desert ecosystem.

In contrast, eastern and southern districts, such as Chittorgarh, Bharatpur, and Dhaulpur, fall
within the moderate risk category, benefiting from comparatively higher precipitation (>550
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mm annually), shallower groundwater tables (<20 m depth), and more diversified cropping
systems. The legend in Figure 7 further delineates this spatial dichotomy, with cooler tones
(representing lower vulnerability) predominating in the state's eastern periphery. Notably,
the transition from high to moderate risk along a northwest-to-southeast axis corresponds
with gradients in monsoon reliability and irrigation infrastructure density, as depicted in the
district-level gradations of the map.

Figure 7: Vulnerable Areas for Agricultural Losses due to Droughts
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Figure 7 highlights intra-regional variability among selected districts. For instance,
Ganganagar and Hanumangarh in the north exhibit marginally lower vulnerability than
Bikaner despite sharing similar climatic conditions, likely due to canal irrigation from the
Indira Gandhi Canal system. Conversely, Jodhpur and Nagaur (high risk) face amplified
agricultural risks due to their reliance on overexploited aquifers.

High-risk zones such as Bikaner, Jalor, and Jaisalmer should prioritise drought-resistant crop
varieties, managed aquifer recharge, and alternative livelihood programs. Whereas, for the
moderate-risk districts such as Chittorgarh and Bharatpur, conserving soil moisture and
promoting crop insurance schemes will enhance agricultural productivity and stability. The
granular vulnerability, as shown in Figure 7, enables a guiding framework for targeted policy
interventions aligned with district-specific risk profiles.

This analysis emphasises the importance of geospatial analytics in disentangling the complex
determinants of agricultural drought risk and provides a paradigm for evidence-based
resilience planning in dry agroecosystems.
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