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Abstract

This study examines the unprecedented groundwater recharge phenomenon in Rajasthan, India, following
exceptional monsoon rainfall in 2024. The state, characterized by acute water scarcity and representing
only 1% of India's total water resources despite covering 10% of its geographical area, experienced
abnormal precipitation across 26 of its 33 districts. Using post-monsoon assessment data from the
Rajasthan Groundwater Department, this research analyzes the spatial and temporal variations in
groundwater level improvements across different hydrogeological zones. The findings reveal an average
groundwater level rise of 5.82 meters statewide, with Chittorgarh district recording the maximum increase
of 14 meters. Despite covering only 12% of safe groundwater blocks before the monsoon, the state
witnessed significant replenishment, potentially alleviating the critical situation where 88% of blocks were
classified as critical, semi-critical, or over-exploited. The study also explores the implications of improved
groundwater levels on water quality, public health, and socio-economic conditions in rural areas where
87% of drinking water is sourced from groundwater. The research provides crucial insights for water
resource management strategies and highlights the vulnerability and resilience of groundwater systems in
arid and semi-arid regions under climate variability.
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Introduction

Water scarcity represents one of the most pressing environmental and developmental challenges facing
India in the 21st century. Among Indian states, Rajasthan exemplifies the severity of this crisis,
characterized by extreme water stress that threatens both human welfare and economic development. The
state's geographical position in the arid and semi-arid climatic zone, coupled with erratic rainfall patterns
and intensive groundwater exploitation, has created a precarious situation where water security remains
deeply uncertain.

Rajasthan occupies approximately 10% of India's total geographical area, yet possesses merely 1% of the
nation's water resources. This stark disparity between land mass and water availability underscores the
fundamental challenge facing the state's 75 million inhabitants. The per capita annual water availability in
Rajasthan stands at approximately 800 cubic meters, significantly below the water stress threshold of 1,700
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cubic meters and approaching the water scarcity threshold of 1,000 cubic meters as defined by
international standards.

The state's dependence on groundwater is overwhelming, with 87% of drinking water being sourced from
underground aquifers through wells, borewells, and hand pumps. This heavy reliance has led to severe
groundwater depletion over the past three decades. Statistical analysis reveals that groundwater
exploitation in Rajasthan increased by 114% between 1984 and 2023, with the exploitation rate rising
from 35% in 1984 to an alarming 149% in 2023. Such over-extraction has resulted in a situation where
only 38 out of 299 groundwater blocks (approximately 12%) were classified as safe before the 2024
monsoon season, while 88% fell into critical, semi-critical, or over-exploited categories.

Groundwater Crisis in Rajasthan

The groundwater crisis in Rajasthan manifests through multiple interconnected dimensions.
Quantitatively, the continuous decline in water table depths has necessitated deeper drilling, increasing
both economic costs and energy consumption for water extraction. Qualitatively, declining groundwater
levels have led to deterioration in water quality, with increased concentrations of harmful minerals and
contaminants including salinity, total dissolved solids (TDS), nitrates, fluorine, sodium carbonate, zinc,
lead, iron, and arsenic.

The health implications of poor groundwater quality are severe. According to recent parliamentary
responses, 95 villages across 12 districts in Rajasthan contain dangerous levels of fluorine in their water,
affecting approximately 4 million people with fluorosis—the highest incidence in India. Experts estimate
that 80% of diseases in the region are attributable to poor water quality, creating a substantial burden on
public health infrastructure and household finances.

The spatial distribution of groundwater stress in Rajasthan is highly variable, with "dark zones"—areas of
critical groundwater depletion—scattered across the state. These zones represent regions where extraction
significantly exceeds natural recharge, leading to progressive aquifer depletion. Understanding the
dynamics of these critical zones is essential for developing targeted intervention strategies.

The 2024 Monsoon Phenomenon

The 2024 monsoon season brought exceptional rainfall to Rajasthan, marking a significant departure from
historical patterns. Analysis of data from the Rajasthan Water Resources Department reveals that the state
received 63% more rainfall than the seasonal average between June 1 and October 1, 2024. This abnormal
precipitation, defined as receiving 60% or more above the average of 417.46 mm, occurred across 16 of
the state's 33 districts. Additionally, 10 districts experienced excessive rainfall, while 7 received normal
precipitation. Notably, no district experienced below-normal rainfall or drought conditions.
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Figure 1- Rainfall Distribution, Rajasthan
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Source: Rajasthan Mansson Report, 2024, India Meteorological Department.

This exceptional rainfall extended even to the western desert regions traditionally characterized by
extreme aridity. Districts such as Bikaner, Barmer, Jaisalmer, and Jodhpur—typically receiving minimal
precipitation—experienced abnormal rainfall exceeding 60% above average. The highest rainfall was
recorded in Karauli district, which received 1,931 mm during the monsoon season, with a single-day
maximum of unprecedented magnitude on August 11, 2024.
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Research Significance

This study gains particular significance in the context of climate change and increasing water stress in arid
regions. The 2024 monsoon event provides a unique natural experiment to understand groundwater system
responses to intensive recharge events. The research offers insights into aquifer storage capacity, recharge
rates, and spatial variability in groundwater response across different hydrogeological settings.
Furthermore, the study has immediate practical implications for water resource management, agricultural
planning, and public health interventions in Rajasthan. Understanding how exceptional rainfall events
translate into groundwater recharge can inform policy decisions regarding water conservation, artificial
recharge structures, and sustainable extraction limits. The research also contributes to broader discussions
about water security strategies in arid and semi-arid regions globally, particularly in the context of
increasing climate variability.

Study Area

Rajasthan, India's largest state by area, is located in the northwestern part of the country, spanning latitudes
23°3'to 30°12' North and longitudes 69°30' to 78°17' East. The state covers approximately 342,239 square
kilometers, representing 10.4% of India's total geographical area. Rajasthan shares international borders
with Pakistan to the west and domestic borders with Punjab, Haryana, Uttar Pradesh, Madhya Pradesh,
and Gujarat.

The state is administratively divided into 33 districts, organized into seven divisions: Ajmer, Bharatpur,
Bikaner, Jaipur, Jodhpur, Kota, and Udaipur. This vast territory encompasses diverse physiographic
regions, from the Thar Desert in the west to the semi-arid plains in the east and the Aravalli hill ranges
running diagonally across the state from northeast to southwest.

Climatic Characteristics

Rajasthan exhibits extreme climatic conditions characteristic of arid and semi-arid zones. The climate is
predominantly hot and dry, with significant spatial and temporal variations in temperature and
precipitation. Summer temperatures regularly exceed 45°C in many areas, while winter temperatures can
drop below freezing in certain regions.

The state's rainfall pattern is highly variable and concentrated in the monsoon season from June to
September. The long-term average annual rainfall is approximately 417.46 mm, significantly below the
national average. However, rainfall distribution is extremely uneven both spatially and temporally. The
southeastern regions receive comparatively higher precipitation (700-900 mm annually), while the western
desert areas often receive less than 150 mm. The coefficient of variation in annual rainfall frequently
exceeds 50%, indicating high inter-annual variability and uncertainty.

Hydrogeological Setting

The hydrogeological framework of Rajasthan is complex and diverse, reflecting the state's varied

geological history spanning from Archaean to Recent periods. The state's aquifer systems can be broadly

classified into:

e Consolidated Rock Aquifers: Covering approximately 75% of the state, these include granite, gneiss,
schist, quartzite, limestone, and sandstone formations. Groundwater occurrence in these formations is
primarily controlled by weathering, fracturing, and secondary porosity development. Yield
characteristics are generally limited and variable.
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e Unconsolidated and Semi-consolidated Aquifers: Found mainly in western Rajasthan and river
valleys, these alluvial and aeolian deposits comprise sand, silt, and clay. These formations generally
offer higher permeability and storage capacity but are subject to intensive exploitation.

e Limestone and Sandstone Aquifers: Present in specific geological formations, these aquifers can
yield substantial quantities of groundwater but are susceptible to quality issues including high salinity
and fluoride content.

Groundwater Blocks and Classification

The state is divided into 302 groundwater assessment blocks for resource evaluation and management.
These blocks are classified based on the ratio of groundwater extraction to net annual groundwater
availability:

Safe: Extraction less than 70% of recharge (37 Unit 12.25%)

Semi-critical: Extraction between 70-90% of recharge (21 Unit 6.95%)

Critical: Extraction between 90-100% of recharge (24 Unit 8.94%)

e Over-exploited: Extraction exceeding 100% of recharge (214 Unit 70.86%)

Before the 2024 monsoon, only 37 blocks (12.25%) were categorized as safe, indicating pervasive
groundwater stress across the state.

Objectives

This study focuses on two primary research objectives designed to comprehensively assess the impact of

the exceptional 2024 monsoon rainfall on Rajasthan's groundwater resources and understand its broader

implications for water security and public welfare.

e To Assess the Spatial and Temporal Changes in Groundwater Levels Across Rajasthan Following the
2024 Monsoon Season.

e To Evaluate the Potential Impact of Improved Groundwater Levels on Water Quality, Public Health,
and Socio-economic Conditions in Rural Rajasthan.

Data Collection and Methodology

This research utilizes multiple data sources to ensure comprehensive analysis of groundwater dynamics in

Rajasthan following the 2024 monsoon season:

* Primary Data Source: The Rajasthan Groundwater Department's Post-Monsoon Assessment Report
2024 forms the foundation of this study. This official report provides systematic groundwater level
measurements from monitoring wells distributed across all 33 districts of the state. The department
maintains a network of observation wells strategically located to represent different hydrogeological
settings.

= Rainfall Data: Monsoon rainfall statistics were obtained from the Rajasthan Water Resources
Department, covering the period from June 1 to October 1, 2024. The data includes district-wise daily
and cumulative rainfall measurements, enabling correlation analysis between precipitation and
groundwater recharge.

= Historical Groundwater Data: Long-term groundwater level trends and exploitation statistics were
compiled from previous assessment reports and government publications to provide temporal context
and enable trend analysis.
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Groundwater Block Classification Data: Information on the 302 groundwater blocks, including their
pre-monsoon classification status (safe, semi-critical, critical, over-exploited), was obtained from the
Central Ground Water Board and Rajasthan Groundwater Department.

Water Quality Data: Secondary data on groundwater quality parameters, fluoride contamination, and
public health impacts were compiled from parliamentary responses, public health reports, and
academic literature.

Monitoring Network and Measurement Protocol

The Rajasthan Groundwater Department maintains an extensive network of observation wells for
systematic groundwater monitoring. These wells are measured four times annually: pre-monsoon (April-
May), monsoon (August), post-monsoon (October-November), and pre-summer (January).

For this study, pre-monsoon (May 2024) and post-monsoon (October 2024) measurements were compared
to calculate groundwater level changes. Water levels are measured using standardized protocols:

Depth to water table is measured from ground surface using water level indicators
Measurements are recorded in meters below ground level (mbgl)

Multiple readings are taken to ensure accuracy

Data quality checks are performed to identify and correct anomalies

Analytical Framework
The research employs a multi-stage analytical approach:
Stage 1: Descriptive Statistical Analysis

Calculate average groundwater levels for pre-monsoon and post-monsoon periods at state, district, and
block levels

Determine the magnitude of change (rise or fall) in groundwater levels

Compute statistical measures including mean, median, range, and standard deviation to characterize
spatial variability

Stage 2: Spatial Analysis

Map district-wise groundwater level changes to identify spatial patterns
Classify districts into categories based on magnitude of improvement
Overlay rainfall distribution patterns with groundwater response
Identify regions showing maximum and minimum improvements

Stage 3: Correlation Analysis

Examine relationships between rainfall quantity and groundwater level rise
Analyze whether rainfall categories (normal, excess, abnormal) correlate with recharge magnitudes
Investigate hydrogeological factors influencing recharge efficiency

Stage 4: Comparative Analysis

Compare groundwater responses across different physiographic regions
Analyze performance of desert versus non-desert districts
Examine exceptional cases (positive and negative anomalies)

Stage 5: Implications Assessment

Evaluate potential impacts on water quality based on hydrological principles
Assess public health implications using available health data
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e Analyze socio-economic effects through secondary literature and logical inference

Data Classification and Categorization
For analytical purposes, districts were classified into several categories:

Based on Rainfall:

e Abnormal rainfall: >60% above average (417.46 mm)
e Excess rainfall: 20-59% above average

e Normal rainfall: £19% of average

Based on Groundwater Level Change:

e Very high improvement: >10 meters rise
e High improvement: 6-10 meters rise

e Moderate improvement: 3-6 meters rise
e Low improvement: 0-3 meters rise

e Decline: Any decrease in water level

Based on Physiographic Location:
Western desert districts

Aravalli region districts

Eastern plain districts

Southeastern plateau districts

Results and Analysis

Statewide Groundwater Level Improvement

The 2024 post-monsoon assessment reveals substantial groundwater rejuvenation across Rajasthan. At the
state level, the average groundwater depth, which stood at 28.83 meters below ground level (mbgl) before
the monsoon, improved to 23.01 mbgl after the monsoon season. This represents an average rise of 5.82
meters in groundwater levels across the state—a remarkable improvement considering the historical
trajectory of declining water tables.

This statewide improvement represents approximately 20% enhancement in groundwater accessibility,
potentially reducing pumping costs and energy requirements for water extraction significantly. The
magnitude of this improvement is exceptional given that Rajasthan has experienced consistent
groundwater depletion over the past three decades.

District-wise Groundwater Level Changes
The spatial analysis reveals substantial heterogeneity in groundwater response across districts. Table 1

presents the top performing districts in terms of groundwater level improvement:

Table 1: Districts with Maximum Groundwater Level Improvement

District Groundwater Level Rise (meters) Rainfall Category

Chittorgarh 14.00 Excess/Abnormal
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Sawai Madhopur 13.32 Abnormal

Bundi 11.50 Abnormal
Bhilwara 10.89 Excess
Dungarpur 9.96 Abnormal
Pratapgarh 9.96 Abnormal
Alwar 9.87 Abnormal
Baran 9.00 Abnormal

Kota 8.23 Excess
Banswara 6.68 Abnormal

Source: Rajasthan Mansson Report, 2024, India Meteorological Department.

Chittorgarh district recorded the maximum improvement of 14 meters, representing a dramatic
replenishment of its aquifer systems. This district, located in southern Rajasthan, benefits from relatively
favorable hydrogeological conditions with a combination of alluvial and consolidated rock aquifers. The
exceptional rainfall combined with adequate recharge structures resulted in this remarkable improvement.
The cluster of high-performing districts—Sawai Madhopur, Bundi, Bhilwara, and others—are
predominantly located in eastern and southeastern Rajasthan, regions characterized by better soil
infiltration capacity and more developed aquifer systems compared to the western desert areas.

Capital City Performance

The state capital, Jaipur, showed a groundwater level improvement of 4.70 meters. While lower than the
top-performing districts, this improvement is significant given Jaipur's intensive groundwater exploitation
for urban water supply, industrial use, and agriculture. The moderate improvement despite heavy
extraction suggests effective recharge and indicates that urban aquifer systems, when adequately
recharged, can demonstrate resilience.

Western Desert Region Response

The response of western desert districts to the abnormal rainfall provides particularly interesting insights

into aquifer behavior in arid zones:

e Jaisalmer: Pre-monsoon groundwater depth of 49.79 mbgl improved by 2.50 meters to 47.29 mbgl,
representing a 5% improvement in the extremely deep-water table conditions characteristic of this
desert district.

e Barmer: Groundwater level rose by 1.73 meters, showing moderate recharge despite the region's
sandy soils and deep aquifers.

¢ Bikaner: Recorded an improvement of 0.81 meters, the lowest among districts with abnormal rainfall,
suggesting limited aquifer response despite exceptional precipitation.

e Jodhpur: Showed 1.51 meters rise in groundwater levels.

e Jalore: Despite receiving only normal rainfall, showed a 2.31 meters improvement, performing better
than several districts with higher rainfall.
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The relatively modest improvements in desert districts despite abnormal rainfall can be attributed to
several factors: extremely deep initial water table depths requiring massive recharge volumes to produce
measurable improvements, high evaporation rates, sandy soils with deep percolation that may not
contribute to shallow aquifer recharge, and limited development of aquifer storage zones in some desert
formations.

The Churu Anomaly

Churu district presents a puzzling exception to the general pattern. Despite receiving above-normal

rainfall, the district experienced a decline of 0.19 meters in groundwater levels. This negative response

warrants detailed investigation and may be attributed to:

e Extremely high rates of groundwater extraction exceeding recharge even during enhanced rainfall
periods

e Hydrogeological characteristics limiting effective recharge despite surface water availability

e Temporal factors such as delayed groundwater response or measurement timing

e Data collection anomalies or local-scale variations not captured in district averages

e Soil and surface conditions preventing effective infiltration

This anomaly highlights that rainfall alone does not guarantee groundwater improvement; hydrogeological

characteristics, land use patterns, and extraction rates play crucial mediating roles.

Rainfall-Recharge Relationship

Analysis of rainfall distribution and groundwater response reveals important patterns:

e High Rainfall-High Recharge Correlation: Districts receiving abnormal rainfall (=60% above
average) generally showed greater groundwater improvements. The correlation is positive but not
perfectly linear, indicating that factors beyond rainfall quantity influence recharge effectiveness.

e Maximum Rainfall District: Karauli district, which received the highest rainfall of 1,931 mm during
the monsoon season with a single-day maximum on August 11, 2024, showed a groundwater level
improvement of 6.20 meters. The pre-monsoon level of 32.69 mbgl improved to 26.49 mbgl,
representing a 19% improvement in accessibility.

e Recharge Efficiency Variation: The relationship between rainfall received and groundwater
improvement varies significantly across districts, suggesting that recharge efficiency depends on
multiple factors including soil type, land use, existing aquifer saturation levels, and presence of
recharge structures.

Comprehensive District Coverage

The near-universal improvement across districts is noteworthy. With the exception of Churu, all 49 other
districts showed groundwater level rises, indicating the widespread nature of the recharge event. This
comprehensive coverage means that even districts with normal rainfall benefited from improved
groundwater situations, likely due to adequate rainfall timing, intensity, and distribution that facilitated
effective infiltration.

Implications for Dark Zones
The preliminary report does not provide specific data on improvements in "dark zones"—the critically
depleted groundwater blocks. However, the widespread nature of improvements and the fact that many
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districts hosting dark zones received abnormal rainfall suggest potential recovery in these critical areas.
The Groundwater Department has indicated that detailed zonal analysis, including dark zone assessment,
will be available after comprehensive data analysis in subsequent months.

Understanding dark zone recovery is crucial because these areas represent:

e Regions with extraction exceeding 100% of annual recharge

e Areas where wells have dried up or require excessive depths

e Zones with deteriorating water quality due to over-exploitation

e C(ritical intervention areas for water management

The potential recovery of dark zones, even partially, would represent significant progress toward
sustainable groundwater management in Rajasthan.

Table 2- Rainfall Departure during monsoon 2024

Month Departure from Normal Rainfall in %
East Rajasthan West Rajasthan Over Rajasthan
June 1 -22 -9
July 1 0 1
August 82 197 121
September 109 58 91

Source: Rajasthan Mansson Report, 2024, India Meteorological Department.

Graph 1: Rainfall Departure during monsoon 2024
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Statistical Summary

The following statistical summary characterizes the groundwater improvements:
e Mean improvement: 5.82 meters

e Maximum improvement: 14.00 meters (Chittorgarh)

e Minimum improvement: -0.19 meters (Churu)

e Number of districts with improvement: 49 out of 50 (98%)

IJFMR250661790 Volume 7, Issue 6, November-December 2025 10



https://www.ijfmr.com/

m International Journal for Multidisciplinary Research (IJFMR)

ILJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

e Districts with >10 meters improvement: 4 districts

e Districts with 6-10 meters improvement: 9 districts

e Percentage improvement in state average: 20.2%

These statistics demonstrate that while the average improvement was substantial, considerable spatial
variability exists, reflecting the complex interplay of rainfall, hydrogeology, and human factors in
determining groundwater recharge outcomes.

Effects and Broader Implications

Water Quality Improvements

The substantial rise in groundwater levels has significant positive implications for water quality across
Rajasthan. The relationship between groundwater depth and quality is well-established in hydrogeological
literature, with deeper water tables generally associated with higher contaminant concentrations.
Dilution Effect: As groundwater levels rise due to fresh rainwater infiltration, the concentration of
dissolved minerals and contaminants decreases through dilution. This natural process can reduce
concentrations of harmful substances including:

= Total Dissolved Solids (TDS)

= Salinity (sodium and chloride ions)

= Nitrates from agricultural runoff

» Fluoride from geological sources

» Heavy metals such as arsenic, lead, and iron

Access to Better Quality Zones: Rising water tables bring shallow, relatively fresher water zones within
reach of existing wells and hand pumps. In many hydrogeological settings, shallow groundwater exhibits
better quality than deeper zones, which often contain higher mineral concentrations due to longer residence
times and interaction with aquifer materials.

Fluoride Contamination Context: Particularly relevant to Rajasthan is the potential impact on fluoride
contamination. With 95 villages across 12 districts experiencing dangerous fluoride levels affecting
approximately 4 million people with fluorosis—the highest incidence in India—any improvement in water
quality represents a critical public health intervention. While structural geological sources of fluoride
remain unchanged, dilution effects and access to shallower, less contaminated zones may provide relief to
affected communities.

Limitations: It is important to note that groundwater quality improvement is not uniform. In some
geological settings, rising water tables may initially bring less desirable water into contact with existing
wells. Additionally, contaminants from surface sources may infiltrate with recharge water. Long-term
monitoring is essential to verify quality improvements.

Public Health Impact

The correlation between groundwater availability, water quality, and public health in Rajasthan is profound
and well-documented. Experts estimate that 80% of diseases in the region are attributable to poor water
quality, creating substantial morbidity, mortality, and economic burden.

Reduction in Waterborne Diseases: Improved groundwater levels and quality can reduce incidence of:
» Diarrheal diseases

= Typhoid and cholera

= Hepatitis A and E
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= Skin diseases related to water quality

= Fluorosis and other mineral toxicity conditions

Healthcare Cost Reduction: Rural families in Rajasthan spend significant portions of household income
on treating water-related illnesses. A study context suggests that disease reduction translates directly into
reduced healthcare expenditures, allowing families to redirect resources toward productive investments in
education, nutrition, and livelihood activities.

Fluorosis Mitigation: For the 4 million people suffering from fluorosis, improved access to lower-
fluoride water sources represents a direct health intervention. Fluorosis causes dental and skeletal
deformities, cognitive impairment in children, and chronic pain, significantly reducing quality of life and
economic productivity. Even moderate improvements in available water quality can provide substantial
relief.

Vulnerable Populations: Children, pregnant women, and elderly people are particularly vulnerable to
water quality-related health issues. Improvements in water availability and quality disproportionately
benefit these populations, potentially improving child development indicators, maternal health outcomes,
and elderly welfare.

Preventive Health Benefits: Beyond treating existing conditions, improved water access enables better
hygiene practices, reducing disease transmission through multiple pathways. Adequate water availability
for sanitation, food preparation, and personal hygiene creates positive externalities for community health.

Socio-economic Effects in Rural Areas

Given that 87% of Rajasthan's drinking water comes from groundwater sources—wells, borewells, and
hand pumps—and that 75% of the population resides in rural areas, improvements in groundwater levels
have cascading socio-economic effects.

Agricultural Productivity: Agriculture, the backbone of rural economy, depends heavily on groundwater
irrigation. Improved water tables mean:

* Reduced pumping costs (shallower depths require less energy)

» Improved crop reliability and reduced risk

= Potential for expanding irrigated area

» Enhanced agricultural income and food security

» Reduced farmer distress and debt

Energy Cost Reduction: Pumping water from shallower depths requires significantly less energy. For
farmers and rural households, this translates into reduced diesel or electricity costs, improving household
economic resilience. Energy savings of 20% (corresponding to the 20% reduction in average depth) could
represent substantial economic benefit across millions of households.

Time Savings: Women and girls, who predominantly bear responsibility for water collection in rural India,
benefit from improved water availability through:

= Reduced walking distances to water sources

= Less time spent waiting at water points

= More time available for education, income generation, and rest

» Improved gender equity in household labor distribution

Economic Multiplier Effects: The combined effects of reduced healthcare costs, lower water extraction
costs, and improved agricultural productivity create positive economic multipliers in rural economies.
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Enhanced household savings can be invested in productive assets, education, and business activities,
creating virtuous cycles of development.

Poverty Reduction: Water scarcity disproportionately affects the poor, who lack resources to drill deeper
wells or purchase water. Improved groundwater accessibility reduces this disparity, contributing to poverty
alleviation and enhanced livelihood security for marginalized communities.

Migration Patterns: Chronic water scarcity has historically driven rural-urban migration in Rajasthan.
Improved water availability may reduce distress migration, stabilize rural communities and preserve social
structures and traditional livelihoods.

Environmental and Ecological Effects

Beyond human welfare considerations, improved groundwater levels have broader environmental and

ecological implications:

= Vegetation and Biodiversity: Rising water tables can support vegetation growth, particularly in
riparian zones and areas with shallow-rooted plants. This vegetation improvement contributes to
biodiversity conservation, soil stability, and microclimate regulation.

= Spring and Wetland Revival: In areas where springs and wetlands had dried due to falling water
tables, improved groundwater levels may lead to their revival, restoring important ecological habitats
and ecosystem services.

* Groundwater-Surface Water Interaction: Enhanced groundwater levels improve base flow to rivers
and streams, supporting perennial flow in previously ephemeral channels. This interaction supports
aquatic ecosystems and provides additional surface water for various uses.

= Soil Moisture and Microclimate: Higher water tables can improve soil moisture conditions in the
root zone, supporting rainfed agriculture and natural vegetation. This can contribute to local
microclimate amelioration and reduced land degradation.

Implications for Water Resource Management

The 2024 groundwater rejuvenation event offers crucial lessons for water resource management policy

and practice in Rajasthan:

= Natural vs. Artificial Recharge: The exceptional natural recharge demonstrates that adequate
rainfall, when distributed properly in time and space, can achieve significant aquifer replenishment.
This raises questions about the relative effectiveness and cost-efficiency of artificial recharge
structures versus natural recharge processes. Policy should focus on preserving and enhancing natural
recharge mechanisms through watershed management, soil conservation, and land use planning.

= Sustainable Extraction Planning: The improved groundwater situation provides a critical window
for implementing sustainable extraction regimes. Reverting to historical over-exploitation patterns
would quickly negate the benefits of natural recharge. This moment calls for strengthened groundwater
regulation, monitoring, and enforcement mechanisms.

= Dark Zone Management: Understanding which dark zones recovered and to what extent can inform
targeted intervention strategies for the most critically depleted areas. Priority should be given to
maintaining improvements through demand management and enhanced recharge measures.

= Climate Variability Adaptation: The 2024 event demonstrates both the vulnerability of groundwater
systems to climate variability and their resilience when conditions are favorable. Water management
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strategies must account for inter-annual variability, building storage and conservation measures during
favorable periods to buffer against drought years.

= Integrated Water Resource Management: The event underscores the need for integrated approaches
linking groundwater management with surface water, watershed management, agricultural practices,
and urban planning. Sectoral approaches are insufficient for addressing the complexity of water
security challenges.

* Community Participation: Successful groundwater management requires active community
participation in planning, implementation, and monitoring. The improved water situation provides an
opportunity to engage communities in sustainable water stewardship, building on traditional water
conservation knowledge systems.

Economic Valuation Considerations

While precise economic valuation requires detailed data beyond the scope of this study, the economic
magnitude of groundwater improvements can be conceptualized:

Direct Benefits:

= Reduced pumping costs across millions of agricultural wells

= Decreased healthcare expenditures related to water-borne diseases

* Time savings for water collection translated into productive activities

= Reduced costs for alternative water sources (tanker water, bottled water)

Indirect Benefits:

= Enhanced agricultural productivity and food security

= Improved labor productivity due to better health

= Reduced distress migration and associated social costs

= Enhanced property values in areas with improved water access

= Ecosystem services from revived water bodies and vegetation

Avoided Costs:

= Costs of emergency water supply arrangements

= Healthcare system burden from water-related diseases

= Social costs of water conflicts and inequity

= Environmental remediation costs

A comprehensive economic valuation would likely reveal that the benefits of groundwater improvement
amount to hundreds of crores of rupees annually across the state, justifying substantial investments in
conservation and sustainable management.

Challenges and Cautions

While the groundwater improvements are unequivocally positive, several challenges and cautions must be

acknowledged:

= Temporary vs. Sustainable Improvement: A single season of exceptional rainfall does not constitute
long-term recovery. Without sustained favorable rainfall and improved management, gains could be
quickly reversed.

= Risk of Complacency: Improved water availability may reduce urgency for conservation measures
and sustainable practices. Policy makers must guard against complacency and use this opportunity to
strengthen rather than relax management regimes.
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= Extraction Intensification: Improved water availability may incentivize further intensification of
water-demanding activities, potentially accelerating return to over-exploitation conditions.

=  Unequal Benefits: Not all regions or communities benefit equally. Desert districts and critically
depleted zones may have experienced minimal improvements, maintaining their vulnerable status.

=  Water Quality Uncertainties: While theoretical considerations suggest quality improvements, actual
quality dynamics require empirical verification through systematic monitoring.

= Climate Change Context: The 2024 rainfall event occurs against a backdrop of increasing climate
variability. Future rainfall patterns remain uncertain, and long-term management strategies must
account for both droughts and floods.

Conclusion

Rajasthan experienced a remarkable average groundwater level rise of 5.82 meters following the
exceptional 2024 monsoon season, with pre-monsoon depths of 28.83 meters improving to 23.01 meters
post-monsoon, representing approximately 20% enhancement in groundwater accessibility across the
state. However, groundwater response varied considerably across districts, with improvements ranging
from 14 meters in Chittorgarh to -0.19 meters in Churu, reflecting complex interactions between rainfall
distribution, hydrogeological characteristics, existing saturation levels, and human factors. Eastern and
southeastern districts, including Chittorgarh, Sawai Madhopur, Bundi, and Bhilwara, recorded exceptional
improvements exceeding 10 meters, benefiting from both favorable rainfall and suitable aquifer
characteristics. In contrast, western desert districts showed modest but significant improvements despite
abnormal rainfall, with increases ranging from 0.81 to 2.50 meters, as the limited response reflected deep
initial water tables, high evaporation rates, and hydrogeological constraints characteristic of arid
environments. While a positive correlation exists between rainfall and groundwater improvement, the
relationship is not linear, with recharge efficiency varying significantly based on local conditions and
highlighting the importance of hydrogeological and land management factors beyond precipitation
quantity. Notably, with 49 out of 50 districts showing improvements, the recharge event was remarkably
widespread, indicating that the exceptional monsoon provided state-level benefits rather than localized
advantages, offering a critical opportunity for sustainable water resource management across Rajasthan.
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