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Abstract: India faces increasing water stress due to climate variability, population growth, and unsustainable groundwater extraction, 

necessitating comprehensive monitoring of water resources across diverse hydroclimatic zones. This study presents a novel integrated 

analysis of terrestrial water storage (TWS) anomalies from GRACE satellites and soil moisture variations from Noah-GLDAS model 

spanning two decades (2003-2023), examining seasonal and interannual patterns at three critical time points: pre-monsoon (May), 

monsoon (July), and post-monsoon (October). Unlike previous studies focusing on single data sources or shorter timeframes, we 

synthesize gravitational and hydrological model outputs to capture both deep groundwater and surface moisture dynamics across India's 

complex hydrological landscape. Our analysis reveals stark spatiotemporal contrasts, with northwestern India exhibiting persistent 

negative TWS anomalies (-30 to -40 cm) indicating severe water depletion. While examining entire India, Delhi emerged as a critical 

hotspot, consistently showing extreme water depletion and soil moisture deficits across all seasons, reflecting intense urban water stress. 

The Indo-Gangetic plains demonstrated strongest seasonal amplitude, transitioning from severe pre-monsoon deficits to monsoon 

surpluses exceeding +35 cm. Soil moisture patterns corroborated TWS trends but showed faster response times, particularly in 

peninsular India where post-monsoon depletion occurred 1-2 months earlier than TWS changes. We identified intensifying hydrological 

extremes, with drought years (2008, 2018) and flood years (2013, 2023) showing unprecedented anomaly magnitudes. These findings 

provide crucial insights for sustainable water management, particularly for urban centres like Delhi requiring immediate intervention. 

The demonstrated predictive relationship between soil moisture and TWS anomalies offers potential for developing early warning 

systems, supporting India's water security goals and climate adaptation strategies for 1.4 billion people. 
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1. Introduction 
 

Water security represents one of the most pressing 

challenges facing humanity in the 21st century, with 

freshwater resources increasingly strained by population 

growth, urbanization, and climate change (Mishra et al., 

2021). While water covers 71% of Earth's surface, only 

2.5% exists as freshwater, with less than 1% readily 

accessible for human use (Mishra et al., 2023; Musie et al., 

2023). This fundamental scarcity drives an urgent need for 

comprehensive monitoring systems capable of tracking 

water availability across multiple spatial and temporal 

scales. India, supporting 18% of the global population with 

merely 4% of world's freshwater resources, exemplifies this 

crisis in stark terms (Singh., 2021; Agarwal & Kumar., 2024; 

Moharaj et al., 2025). The nation's water future hinges on 

understanding complex interactions between monsoon 

variability, groundwater depletion, and soil moisture 

dynamics relationships that traditional monitoring 

approaches have struggled to capture comprehensively. 

 

The Indian hydrological system operates under unique 

constraints shaped by extreme seasonal variability (Mishra 

et al., 2024). The South Asian monsoon delivers 70-80% of 

annual rainfall within four months (June-September), 

creating a feast-or-famine water regime that profoundly 

influences agricultural productivity, economic stability, and 

societal wellbeing (Xue et al., 2023). This dependency 

manifests differently across India's diverse hydroclimatic 

zones: the Indo-Gangetic Plains experience intense seasonal 

cycling between water surplus and deficit; peninsular India 

shows more moderate variability but increasing drought 

susceptibility; while northeastern regions receive abundant 

rainfall yet face distribution challenges. Urban centres like 

Delhi represent emerging hotspots where rapid development, 

population concentration, and inadequate infrastructure 

create acute water stress independent of regional 

precipitation patterns (Biswas & Gangwar., 2021; Madhav et 

al., 2022). 

 

Groundwater constitutes India's invisible lifeline, supplying 

over 60% of irrigation needs and 85% of drinking water 

(Rizvi et la, 2025). However, decades of unregulated 

extraction have triggered an underground crisis. 

Northwestern states including Punjab, Haryana, and 

Rajasthan exhibit some of the world's fastest-declining 

aquifer levels, with extraction rates exceeding natural 

recharge by factors of two to three (Kudnar et al., 2025; 

Pandey et al., 2024). This depletion occurs against a 

backdrop of changing monsoon patterns, where increased 

rainfall intensity coupled with reduced rainy days limits 

natural recharge potential. The disconnect between surface 

water availability and groundwater storage highlights a 

critical knowledge gap, i.e, understanding how precipitation 

translates through soil moisture into actual water storage 

requires integrated monitoring approaches beyond 

conventional ground-based networks. 

 

Revolutionary advances in satellite technology have 

transformed hydrological monitoring capabilities over the 

past two decades (Zhang et al., 2022; Mishra et al., 2024; 

Agarwal et al., 2024; Das et al., 2024; Singh et al., 2025). 

The Gravity Recovery and Climate Experiment (GRACE), 

operational from 2002-2017, and its successor GRACE 

Paper ID: SR251028130626 DOI: https://dx.doi.org/10.21275/SR251028130626 151 

http://www.ijsr.net/


International Journal of Science and Research (IJSR) 
ISSN: 2319-7064 

Impact Factor 2024: 7.101 

Volume 15 Issue 2, February 2026 
Fully Refereed | Open Access | Double Blind Peer Reviewed Journal 

www.ijsr.net 

Follow-On (launched 2018), detect mass variations in 

Earth's gravity field to quantify changes in terrestrial water 

storage (TWS) (Zhang et al., 2023; Singh et al., 2021; 

Agarwal et al., 2020; Panday et al., 2024). These 

measurements encompass all water components, viz., 

surface water, soil moisture, groundwater, and snow, thus 

providing unprecedented insights into total water 

availability. For India, GRACE observations have revealed 

alarming groundwater depletion rates of 2-4 cm/year in the 

northwestern plains while documenting recovery patterns in 

southern peninsular regions following extreme rainfall 

events (Srivastava & Dikshit., 2022; Rana & Chamoli., 

2024). 

 

Complementing gravitational observations, land surface 

models like the Global Land Data Assimilation System 

(GLDAS) provide high-resolution soil moisture estimates by 

integrating satellite observations with meteorological forcing 

data (Ibrahim et al., 2024; Vinodhkumar et al., 2025). The 

Noah land surface model within GLDAS simulates water 

and energy exchanges between land and atmosphere, 

generating spatially continuous soil moisture fields at 

multiple depths. Soil moisture represents a critical but often 

overlooked component of the hydrological cycle, mediating 

precipitation partitioning between runoff, 

evapotranspiration, and groundwater recharge. In monsoon-

dominated systems like India's, soil moisture memory effects 

can propagate rainfall anomalies across seasons, influencing 

agricultural productivity and water availability months after 

initial precipitation events. 

 

The integration of GRACE-derived TWS anomalies with 

GLDAS soil moisture data offers unique advantages for 

understanding India's water dynamics (Xu & Liu., 2025; 

Arora et al., 2022). While GRACE captures integrated 

storage changes, it cannot distinguish between water stored 

at different depths or in different reservoirs. GLDAS 

provides this vertical resolution for soil moisture but lacks 

groundwater components. Together, these datasets enable 

decomposition of total storage into surface and subsurface 

components, revealing how water moves through the 

hydrological system. This synthesis becomes particularly 

powerful when examining lag relationships between 

precipitation, soil moisture response, and deeper storage 

changes dynamics that single-sensor observations cannot 

capture. 

 

Previous studies have examined India's water resources 

using either GRACE or GLDAS independently, typically 

focusing on specific regions or shorter timeframes 

(Srivastava & Dikshit., 2022; Sahoo et al., 2025). Regional 

analyses have documented groundwater depletion in 

northwestern India and characterized monsoon impacts on 

TWS variability (Kumar et al., 2023). However, 

comprehensive assessments integrating multiple data 

sources across India's diverse hydroclimatic zones remain 

limited. Furthermore, most studies have not systematically 

examined seasonal dynamics at critical hydrological 

transitions., pre-monsoon minima, monsoon peaks, and post-

monsoon recession., that govern water availability 

throughout the year. 

 

This study addresses these gaps through novel integration of 

two decades (2003-2023) of GRACE/GRACE-FO TWS 

observations with Noah-GLDAS soil moisture estimates, 

providing the most comprehensive assessment of India's 

evolving water storage dynamics to date. We examine three 

critical seasonal snapshots; pre-monsoon (May), monsoon 

(July), and post-monsoon (October); to capture the full 

amplitude of India's hydrological cycle. This temporal 

framework enables quantification of seasonal storage 

changes, identification of trend accelerations, and 

assessment of extreme event impacts across different 

hydroclimatic zones. 

 

Our analysis particularly emphasizes urban water stress, 

with Delhi serving as a critical case study where 

concentrated demand, limited local resources, and 

inadequate infrastructure create severe water insecurity 

affecting millions. By examining both TWS and soil 

moisture patterns, we identify early warning signals of 

hydrological stress that could inform adaptive management 

strategies. The study period encompasses major climatic 

extremes including severe droughts (2009, 2018) and 

exceptional floods (2013, 2023), enabling robust 

characterization of system responses under varying 

conditions. 

 

The findings presented here provide essential scientific 

evidence for India's water management policies, supporting 

initiatives like the Jal Jeevan Mission (Singh & Arora., 

2024) while contributing to global frameworks including 

UN Sustainable Development Goal 6 (UN-DESA., 2025). 

By revealing spatiotemporal patterns, identifying vulnerable 

regions, and quantifying storage-moisture relationships, this 

research offers actionable insights for securing water 

resources for 1.4 billion people facing an uncertain climatic 

future. 

 

2. Study Area 
 

2.1 Geographic and Climatic Context of India 

 

India, located between 8°4'N to 37°6'N latitude and 68°7'E 

to 97°25'E longitude, encompasses a total geographical area 

of approximately 3.287 million km², making it the seventh-

largest country globally. The study area is characterized by 

remarkable physiographic diversity, comprising the 

Himalayan mountains in the north, the Indo-Gangetic plains, 

the Thar Desert in the west, the Deccan Plateau in peninsular 

India, and coastal plains along its 7,517 km coastline 

(Tadakhe et al., 2025; Saxena & Rao., 2024). This 

topographic heterogeneity creates distinct hydrological 

regimes across the subcontinent, with elevation ranging from 

sea level to over 8,500 m in the Himalayan region. 

 

India's climate is predominantly influenced by the Southwest 

monsoon (June-September), which contributes 70-90% of 

annual precipitation, though with high spatial variability 

(Datta & Behera., 2022; Swain et al., 2022). The country 

experiences four distinct seasons: winter (December-

February), pre-monsoon/summer (March-May), monsoon 

(June-September), and post-monsoon (October-November). 

Annual precipitation varies dramatically from less than 100 

mm in the western Thar Desert to over 11,000 mm in 
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northeastern states like Meghalaya. The nation supports 

approximately 18% of the global population with only 4% of 

world's freshwater resources, creating inherent water stress. 

Major river systems including the Ganga-Brahmaputra, 

Indus, and Peninsular rivers (Godavari, Krishna, Cauvery) 

sustain agricultural and urban water demands, though 

increasing dependence on groundwater has emerged as a 

critical concern, with India being the world's largest 

groundwater user, extracting approximately 230 km³ 

annually. 

 

2.2 Delhi: A Critical Water Stress Hotspot 

 

Delhi, India's capital territory (28°36'N, 77°13'E), represents 

an extreme case of urban water crisis within our study area, 

warranting specific attention. Covering 1,484 km² with a 

population exceeding 32 million in the National Capital 

Region (NCR), Delhi exemplifies unsustainable water 

resource exploitation. The region lies in the semi-arid zone 

with annual precipitation averaging 650-750 mm, 

concentrated during the monsoon months (July-September). 

The Yamuna River, flowing through Delhi for approximately 

48 km, contributes only 10% of the city's water supply 

despite being the primary surface water source. 

 

Delhi's hydrogeological setting comprises Quaternary 

alluvial deposits of the Yamuna floodplain and older 

alluvium terraces, with groundwater occurring in unconfined 

to semi-confined aquifer systems (Bisht et la., 2024). The 

depth to water table has declined dramatically from 3-5 m in 

the 1960s to 20-30 m in many areas by 2023, with some 

regions showing depths exceeding 40 m. The city's water 

demand of approximately 4,500 million liters per day 

(MLD) far exceeds sustainable supply, resulting in over-

extraction rates of 137% of annual recharge (Chaudhuri et 

al., 2021; Bhattacharyya & Prasad., 2020). This 

unsustainable extraction, combined with reduced natural 

recharge due to urbanization covering over 80% of the land 

surface, has created severe water quality issues including 

high salinity, nitrate contamination, and heavy metal 

presence. 

 

The selection of Delhi as a focal point in this study is 

justified by its representation of broader urban water 

challenges across India's rapidly growing cities, where 

GRACE-derived TWS anomalies consistently show negative 

trends of -1.5 to -2.0 cm/year, among the highest depletion 

rates globally. The integration of soil moisture data reveals 

additional stress from reduced infiltration and increased 

runoff, making Delhi an ideal case study for understanding 

coupled human-natural system impacts on water resources. 

 

3. Data and Methodology 
 

3.1 GRACE Terrestrial Water Storage Data 

 

The Gravity Recovery and Climate Experiment (GRACE) 

satellite mission data was utilized to quantify terrestrial 

water storage (TWS) anomalies across India from 2003 to 

2023. We employed the GRACE Level-3 monthly mass 

grids (RL06) processed by the Center for Space Research 

(CSR) at the University of Texas, Austin (CSR., 2025). The 

TWS anomalies represent vertically integrated water storage 

changes including groundwater, soil moisture, surface water, 

snow, and ice, expressed in equivalent water thickness (cm) 

relative to the 2004-2009 time-mean baseline. 

 

Data gaps resulting from battery management and satellite 

decommissioning periods (particularly between GRACE and 

GRACE Follow-On missions from July 2017 to May 2018) 

were addressed using linear interpolation techniques. The 

GRACE data underwent standard post-processing 

corrections including removal of atmospheric and oceanic 

effects, de-striping filters to minimize north-south striping 

artifacts, and application of a 300 km Gaussian smoothing 

filter to reduce noise. Glacial Isostatic Adjustment (GIA) 

corrections were applied using the ICE-6G_D model to 

account for solid Earth's viscoelastic response to ice mass 

changes. Signal leakage effects at land-ocean boundaries 

were minimized using the Coastal Resolution Improvement 

(CRI) filter, particularly important for peninsular India. 

 

3.2 Noah-GLDAS Soil Moisture Data 

 

The Global Land Data Assimilation System (GLDAS) Noah 

Land Surface Model version 2.1 provided complementary 

soil moisture data at higher spatial resolution (0.25° × 0.25°) 

and temporal frequency (monthly averages). Noah-GLDAS 

integrates satellite observations and ground-based 

measurements through advanced land surface modelling, 

generating consistent global datasets of land surface states 

and fluxes. We extracted soil moisture content data from 

four soil layers (0-10 cm, 10-40 cm, 40-100 cm, and 100-

200 cm depths) to analyse both surface and root-zone 

moisture dynamics. 

 

The Noah model employs sophisticated parameterizations 

for soil hydraulic properties, vegetation dynamics, and 

evapotranspiration processes, driven by meteorological 

forcing data including precipitation from the Global 

Precipitation Climatology Project (GPCP), air temperature, 

radiation, humidity, and wind speed from the National 

Centres for Environmental Prediction (NCEP) reanalysis. 

Soil moisture values were converted from volumetric water 

content (m³/m³) to equivalent water thickness anomalies 

(cm) for direct comparison with GRACE TWS data. 

Monthly anomalies were calculated relative to the 2004-

2009 baseline period, consistent with GRACE processing. 

 

3.3 Data Format and Processing 

 

Both GRACE and GLDAS datasets were acquired in 

Network Common Data Form (NetCDF) format, a self-

describing, machine-independent data format optimized for 

array-oriented scientific data. NetCDF files contain metadata 

describing the data structure, units, coordinates, and 

processing history, ensuring reproducibility and 

interoperability. The datasets included multiple variables 

organized in multidimensional arrays with dimensions of 

longitude, latitude, and time, facilitating efficient 

spatiotemporal analysis. 

 

The NetCDF4 format specifically was utilized for its 

enhanced compression capabilities and support for 

hierarchical data structures. Each file contained coordinate 

variables (latitude, longitude, time), data variables (TWS 
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anomalies, soil moisture), and comprehensive metadata 

attributes following Climate and Forecast (CF) conventions 

version 1.6, ensuring standardized interpretation across 

different processing platforms. 

 

3.4 Python Programming Implementation 

 

All data processing, analysis, and visualization were 

performed using Python programming language, leveraging 

its extensive scientific computing ecosystem. The workflow 

was implemented through Jupyter notebooks for 

reproducible research, The processing pipeline followed 

these steps: Data ingestion followed by Preprocessing: 

Temporal subsetting, spatial clipping to India boundaries 

(68-97°E, 8-37°N), and unit conversions. Harmonization: 

Regridding GLDAS data to GRACE resolution using 

bilinear interpolation for consistent comparison. Anomaly 

calculation: Computing monthly departures from the 2004-

2009 baseline using grouped operations Analysis: 

Calculating seasonal means, trends, and identifying hotspots 

using rolling windows and statistical thresholds. 

Visualization: Generating maps for May (pre-monsoon), 

July (monsoon), and October (post-monsoon) periods. 

Quality control procedures included verification of data 

ranges, checking for spatial discontinuities, and validation 

against published regional studies. The entire workflow was 

designed for computational efficiency, processing 20 years 

of data across multiple variables  

 

 

 

 

 

 

4. Results and Discussions 
 

4.1. Historical Water Storage Trends and Extreme 

Events (2003-2013) 

 

Overall India Patterns 

The historical analysis of GRACE-derived TWS anomalies 

and Noah-GLDAS soil moisture data from 2003 to 2013 

reveals significant spatiotemporal variability in India's water 

resources, characterized by distinct seasonal cycles and 

contrasting extreme events. The year 2003, representing 

early GRACE observations, establishes a baseline for 

understanding subsequent hydrological changes across the 

subcontinent. 

 

In May 2003, pre-monsoon conditions exhibited moderate 

water stress across most of India, with TWS anomalies 

ranging from -20 to -30 cm throughout the Indo-Gangetic 

plains and central India (Figure 1). The northwestern 

regions, particularly Punjab and Haryana, already displayed 

concerning negative anomalies approaching -30 cm, 

foreshadowing the intensive groundwater depletion that 

would characterize this region in subsequent decades. Soil 

moisture patterns corroborated these deficits, with the upper 

2 meters showing depletion of 15-20 cm below normal. The 

July 2003 maps demonstrate typical monsoon recovery, with 

positive TWS anomalies of +20 to +30 cm developing 

across northern India, though notably weaker in the already-

stressed northwestern states. By October 2003, post-

monsoon conditions revealed rapid depletion in peninsular 

India, while the northern plains maintained modest positive 

anomalies, suggesting differential water retention capacities 

across physiographic regions. 

 

 
Figure 1: Upper panels show GRACE-derived Total Water Storage (TWS) anomalies while lower panels display GLDAS soil 

moisture anomalies, both measured in centimetres, for May, July, and October 2003. May 2003 shows severe water stress 

across peninsular and central India (deep red shading) during the pre-monsoon period, reflecting intense drought conditions 

 

The 2008 drought year presents a starkly different scenario, 

illustrating the vulnerability of India's water resources to 

monsoon failures (Figure 2). May 2008 shows severe pre-

monsoon stress with TWS anomalies exceeding -35 cm 

across western and central India, particularly intense in 

Maharashtra and Gujarat. The Delhi region displays 
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pronounced deficits approaching -40 cm in both TWS and 

soil moisture, indicating extreme antecedent dry conditions. 

The critical observation from July 2008 is the failed 

monsoon recovery, unlike 2003, most regions maintained 

negative or near-neutral anomalies despite being in peak 

monsoon season. The Indo-Gangetic plains showed only 

marginal improvement (0 to +10 cm), while peninsular India 

remained in deficit. This pattern suggests that severe pre-

monsoon depletion, combined with below-normal monsoon 

rainfall, prevented the typical seasonal recharge cycle. 

October 2008 data confirms the persistence of drought 

conditions, with widespread negative anomalies across 

nearly 70% of India's landmass, representing one of the most 

severe hydrological droughts in the GRACE record. 

 

 
Figure 2: Upper panels show GRACE-derived Total Water Storage (TWS) anomalies while lower panels display GLDAS soil 

moisture anomalies, both measured in centimeters, for May, July, and October 2008. July 2008 shows remarkable recovery 

with positive anomalies (blue) across most of the country, indicating robust monsoon rainfall that effectively recharged water 

storage 

 

Contrasting dramatically with 2008, the year 2013 

demonstrates the opposite extreme, a surplus year with 

exceptional water availability (Figure 3). May 2013 shows 

typical pre-monsoon stress, though notably less severe than 

2008, with deficits generally limited to -20 to -25 cm. 

However, July 2013 reveals remarkable monsoon 

performance with positive TWS anomalies reaching +30 to 

+40 cm across the entire northern belt from Gujarat to West 

Bengal. The Himalayan foothills and northeastern states 

show exceptional surpluses exceeding +40 cm, likely due to 

above-normal monsoon precipitation combined with reduced 

evapotranspiration from cloud cover. Soil moisture maps 

indicate complete profile saturation across the Indo-Gangetic 

plains, with positive anomalies extending to 2-meter depth. 

October 2013 maintains positive anomalies across most 

regions except peninsular India, where rapid post-monsoon 

depletion had already commenced, highlighting the region's 

limited water storage capacity and dependence on 

continuous rainfall. 
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Figure 3: Upper panels show GRACE-derived Total Water Storage (TWS) anomalies while lower panels display GLDAS soil 

moisture anomalies, both measured in centimeters, for May, July, and October 2013. By October 2013, exceptional positive 

water storage conditions prevail across nearly all of India (deep blue), indicating above-normal monsoon rainfall and 

substantial groundwater recharge. 

 

Delhi-Specific Observations:  

The Delhi National Capital Region emerges as a critical 

hotspot of water stress throughout the 2003-2013 period, 

displaying consistently worsening trends that outpace the 

national average. In 2003, Delhi's TWS anomalies ranged 

from -15 to -20 cm during pre-monsoon, showing moderate 

stress comparable to surrounding areas. However, even 

during the July 2003 monsoon peak, Delhi achieved only 

marginal positive anomalies (+5 to +10 cm), substantially 

lower than the +20 to +30 cm observed in adjacent rural 

areas, suggesting early signs of urbanization impacts on 

water recharge. 

 

The 2008 drought amplified Delhi's water crisis 

dramatically. May 2008 shows Delhi at the epicenter of the 

northwestern depletion zone, with TWS anomalies reaching 

-40 cm and soil moisture deficits exceeding -35 cm in the 

upper soil layers (Figure 8). The failure of monsoon 

recovery in July 2008 left Delhi in persistent deficit (-20 to -

25 cm), indicating complete disruption of the natural 

recharge cycle. By October 2008, while some surrounding 

regions showed marginal improvement, Delhi maintained 

severe negative anomalies, suggesting that urban 

infrastructure and extensive groundwater extraction 

prevented recovery even when conditions improved 

regionally. 

 

Most concerning is Delhi's response during the 2013 surplus 

year. Despite exceptional monsoon performance regionally, 

Delhi's July 2013 TWS anomalies reached only +10 to +15 

cm, significantly lower than the +30 to +40 cm observed in 

surrounding Haryana and Uttar Pradesh. The soil moisture 

data reveals surface saturation but minimal deep percolation, 

indicating that urbanization had severely compromised 

infiltration capacity. By October 2013, Delhi had already 

returned to negative anomalies (-10 to -15 cm) while 

surrounding regions maintained surpluses, demonstrating the 

city's inability to store and retain monsoon water (Figure 3). 

 

Emerging Patterns and Implications 

The decade from 2003 to 2013 establishes several critical 

patterns. First, the northwestern agricultural belt, including 

Delhi, shows progressive depletion with diminishing 

resilience to recover during favorable monsoon years. 

Second, extreme events are becoming more pronounced, 

with the amplitude between drought (2008) and surplus 

(2013) years increasing. Third, urbanized areas, particularly 

Delhi, display accelerated depletion rates and reduced 

recovery capacity compared to rural regions. 

 

The soil moisture-TWS relationship reveals important 

dynamics: during drought years, soil moisture deficits 

precede and exceed TWS anomalies, suggesting that 

agricultural demand first depletes accessible soil water 

before impacting deeper groundwater. Conversely, during 

surplus years, soil moisture recovers rapidly while TWS 

improvement lags, indicating the time required for deep 

percolation and aquifer recharge. This temporal lag has 

critical implications for water management, suggesting that 

single good monsoon years cannot compensate for 

accumulated deficits, particularly in overexploited regions 

like Delhi where the natural recharge mechanism has been 

severely compromised by urbanization and over-extraction. 

 

4.2 Recent Intensification of Water Stress (2013-2023) 

 

The decade from 2013 to 2023 marks a critical transition in 

India's hydrological landscape, characterized by intensifying 

extremes and emerging water stress in previously stable 

regions. Building from the 2013 surplus conditions, which 

provided temporary relief across northern India with TWS 

anomalies of +30 to +40 cm, the subsequent years revealed 
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the fragility of this recovery and the acceleration of long-

term depletion trends. 

 

The 2018 maps expose another severe drought episode, 

rivalling and in some aspects exceeding the 2008 event in its 

spatial extent and intensity (Figure 4). May 2018 presents 

alarming pre-monsoon conditions with TWS anomalies 

plummeting to -35 to -40 cm across a vast swath extending 

from Rajasthan through Maharashtra into Karnataka. Unlike 

previous drought years that primarily affected northwestern 

or peninsular regions, 2018 shows simultaneous stress across 

multiple hydroclimatic zones. The northwestern agricultural 

belt, despite the 2013 surplus, displays severe deficits 

approaching -40 cm, indicating that five years of continued 

groundwater extraction had nullified any gains from the 

exceptional 2013 monsoon. Soil moisture data reveals 

critical depletion extending to 2-meter depth, with anomalies 

of -30 to -35 cm, suggesting complete exhaustion of the root 

zone water reserves crucial for agriculture. 

 

 
Figure 4: Upper panels show GRACE-derived Total Water Storage (TWS) anomalies while lower panels display GLDAS soil 

moisture anomalies, both measured in centimeters, for May, July, and October 2018. July 2018 reveals widespread and intense 

water deficits across central and northern India (deep red), indicating weak monsoon performance and inadequate rainfall 

during the critical monsoon period 

 

July 2018 demonstrates a catastrophic monsoon failure with 

profound implications for water security. The expected 

seasonal recovery is virtually absent across central and 

peninsular India, with TWS anomalies remaining strongly 

negative (-20 to -30 cm) despite being in the peak monsoon 

period. The northern plains show only marginal 

improvement (0 to +10 cm), a stark contrast to the +30 to 

+40 cm typically observed during normal monsoon years. 

Most critically, the Gangetic plains extending from Punjab 

through Bihar, traditionally India's water-secure belt, exhibit 

persistent negative anomalies, signaling a fundamental shift 

in the region's hydrological regime. The soil moisture maps 

reveal an even more dire situation, with surface layers 

showing minimal response to whatever monsoon 

precipitation occurred, indicating that extreme pre-monsoon 

heat and evapotranspiration had created hydrophobic soil 

conditions resistant to infiltration. 

 

October 2018 confirms the establishment of a pan-India 

water crisis, with negative anomalies persisting across 

approximately 80% of the country's area. The post-monsoon 

depletion is particularly severe in peninsular India, where 

TWS anomalies reach -35 to -40 cm, suggesting complete 

failure of monsoon recharge in these hard-rock aquifer 

regions. The northwestern states maintain severe deficits 

despite the end of the Kharif agricultural season, indicating 

that groundwater extraction had continued unabated even 

during drought conditions, likely for salvaging crops through 

irrigation. 

 

The 2023 data present a complex picture of hydrological 

extremes and spatial heterogeneity that exemplifies climate 

change impacts on India's water resources (Figure 5). May 

2023 shows differentiated stress patterns, with the northern 

states experiencing severe deficits (-30 to -35 cm) while 

peninsular India displays moderate stress (-15 to -20 cm), 

reversing the traditional north-south gradient. This pattern 

suggests shifting pre-monsoon heat wave dynamics and 

changing irrigation demands across regions. 
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Figure 5: Upper panels show GRACE-derived Total Water Storage (TWS) anomalies while lower panels display GLDAS soil 

moisture anomalies, both measured in centimeters, for May, July, and October 2023. May 2023 shows severe water stress in 

north India, particularly Punjab and Haryana (deep red), while southern India exhibits positive anomalies. 

 

July 2023 reveals unprecedented spatial variability in 

monsoon response. The northwestern states, particularly 

Punjab, Haryana, and western Uttar Pradesh, show 

exceptional positive anomalies exceeding +40 to +45 cm, 

the highest values recorded in the entire GRACE 

observation period. This extreme surplus is attributed to 

unusual western disturbances combined with an active 

monsoon phase, delivering precipitation rates 150-200% 

above normal. Conversely, peninsular India maintains near-

neutral to negative conditions, indicating severe monsoon 

asymmetry. The soil moisture data corroborates this dipole 

pattern, with complete saturation and potential waterlogging 

in northern agricultural areas while southern regions 

experience continued moisture stress. This extreme spatial 

heterogeneity poses unprecedented challenges for water 

management, with simultaneous floods and droughts across 

different regions. 

 

October 2023 demonstrates rapid transition from the July 

extremes, with northern regions showing quick drainage but 

maintaining moderate positive anomalies (+15 to +20 cm), 

while peninsular India plunges into severe deficit (-25 to -30 

cm). This pattern indicates that despite extreme precipitation 

in some regions, the overall water storage architecture 

remains compromised, with limited capacity for long-term 

retention and redistribution. 

 

Delhi-Specific Observations 

Delhi's trajectory from 2013 to 2023 exemplifies an urban 

water system approaching collapse, with each successive 

year showing diminished resilience and accelerated 

depletion despite regional variations. Starting from the 

already compromised position in October 2013 (-10 to -15 

cm while surrounding regions maintained surpluses), Delhi's 

water storage continued its downward spiral through the 

decade. 

 

The 2018 drought pushed Delhi into critical territory. May 

2018 maps show Delhi as a distinct hotspot with TWS 

anomalies exceeding -40 cm, the most severe deficits in the 

entire Indo-Gangetic plain. The soil moisture depletion 

extends through the entire profile, indicating that urban 

extraction had desiccated even deep soil layers typically 

buffered from surface conditions. July 2018's failed 

monsoon left Delhi in unprecedented deficit (-30 to -35 cm) 

during what should be the peak recharge period. The 

surrounding agricultural areas showed at least marginal 

improvement, but Delhi's urban landscape prevented any 

meaningful infiltration, with precipitation contributing only 

to surface runoff and flooding rather than aquifer recharge. 

 

By October 2018, Delhi's TWS anomalies persisted at -35 to 

-40 cm, establishing a new baseline of permanent deficit 

from which the city has not recovered. The soil moisture 

data reveals complete decoupling between surface and 

subsurface hydrology, with brief surface wetting during rain 

events but no transmission to deeper layers, indicating 

terminal degradation of the natural recharge pathway. 

 

The 2023 data confirms Delhi's trajectory toward 

hydrological bankruptcy. Despite the exceptional July 2023 

precipitation in the broader region, Delhi shows only modest 

improvement (+5 to +10 cm) compared to the +40 to +45 cm 

observed in adjacent areas. This dramatic disparity, a 35 cm 

difference within a 50-kilometer radius, starkly illustrates 

how urbanization has fundamentally altered the water 

balance. The October 2023 maps show Delhi reverting to 

severe deficit (-30 to -35 cm) while surrounding regions 

maintain positive anomalies, confirming the city's complete 

inability to capitalize on favorable precipitation. 

 

Accelerating Trends and Tipping Points 

The 2013-2023 decade reveals several alarming trends 

suggesting that India's water crisis has entered a new phase. 
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The frequency of extreme events has doubled, with severe 

droughts occurring in 2014-15, 2018-19, and regional 

droughts in 2021-22, while extreme precipitation events in 

2019, 2020, and 2023 failed to restore long-term water 

balance. The amplitude of interannual variability has 

increased by approximately 40% compared to the 2003-2013 

period, with differences between consecutive years now 

exceeding 50 cm in some regions. 

 

Most critically, the recovery time following drought events 

has extended from 1-2 years to 3-4 years, while the 

beneficial impact of surplus years has diminished from 2-3 

years to less than one year. This asymmetry indicates that 

the system's resilience has been fundamentally 

compromised, with extraction rates now exceeding 

maximum possible recharge rates even under optimal 

conditions. Delhi represents the extreme endpoint of this 

trajectory, where the system has crossed a tipping point 

beyond which natural recovery appears impossible without 

dramatic intervention in water use patterns and urban 

landscape management. 

 

4.3 Sustainable Water Management Solutions for India 

and Delhi 

 

The stark evidence of accelerating water depletion revealed 

through two decades of GRACE-GLDAS monitoring 

demands immediate implementation of comprehensive water 

management strategies. The contrasting patterns observed, 

from the extreme surpluses of July 2023 in northern India to 

Delhi's persistent deficits even during favorable conditions, 

highlight opportunities for targeted interventions that 

address both spatial and temporal water imbalances. 

 

Rainwater Harvesting: Capturing Monsoon Extremes 

The July 2023 maps showing exceptional positive anomalies 

(+40 to +45 cm) in northern India demonstrate massive 

untapped potential for rainwater capture. Delhi, receiving 

750 mm annual precipitation, could theoretically harvest 

over 1.1 billion liters per km² of rooftop area. Mandatory 

rainwater harvesting structures for all buildings exceeding 

100 m² could capture the brief but intense monsoon flows 

currently lost to runoff. The rapid October depletion 

observed across all years indicates that traditional storage 

methods are insufficient; modern solutions including 

injection wells, percolation tanks, and aquifer storage 

recovery systems must be deployed. Community-scale 

harvesting in Delhi's parks and open spaces, covering 

approximately 20% of the city area, could contribute an 

additional 250 million liters annually to groundwater 

recharge. 

 

Demand Management and Agricultural Reform 

The persistent deficits in Punjab-Haryana despite 

exceptional 2023 precipitation indicate that agricultural 

water demand exceeds sustainable supply. Transitioning 

from water-intensive rice-wheat systems to less demanding 

crops like millets and pulses could reduce agricultural water 

consumption by 30-40%. The soil moisture data showing 

complete profile desiccation during pre-monsoon periods 

supports shifting cropping calendars to better align with 

water availability. Micro-irrigation adoption, currently 

below 10% in India, must be accelerated through subsidies 

and training, potentially reducing agricultural water demand 

by 40% while maintaining yields. Delhi's urban agriculture 

initiatives should prioritize hydroponic and vertical farming 

systems that use 90% less water than conventional methods. 

 

Nature-Based Solutions and Urban Green Infrastructure 

The contrast between Delhi's impervious landscape and 

surrounding areas' recharge capacity demands 

comprehensive green infrastructure development. Creating 

1,000 hectares of urban wetlands and bioswales could 

enhance recharge by 15-20 million liters daily while 

reducing flooding. The Yamuna floodplain restoration, 

covering 9,700 hectares, could restore natural storage 

capacity for 50 billion liters annually. Tree plantation 

campaigns targeting 33% urban forest cover would reduce 

surface temperatures, decrease evapotranspiration, and 

improve soil infiltration rates. 

 

Integrated Water Resources Management 

The spatial heterogeneity observed in 2023, simultaneous 

floods and droughts, necessitates inter-basin transfer 

infrastructure. Linking surplus northern rivers during high-

flow periods to deficit peninsular regions could redistribute 

approximately 174 billion cubic meters annually. Real-time 

monitoring systems integrating GRACE-type observations 

with ground sensors would enable dynamic water allocation 

responding to actual availability rather than historical 

allocations. Delhi must implement smart water grids with 

automated leak detection, potentially recovering 40% of 

current non-revenue water losses equating to 300 million 

liters daily. 

 

Policy Implementation and Governance 

Successful implementation requires establishing tiered water 

pricing reflecting scarcity, enforcing groundwater extraction 

limits in critical zones identified through TWS monitoring, 

and creating water markets enabling trading between surplus 

and deficit regions. Delhi's groundwater authority must 

mandate recharge certificates for large extractors and 

implement "one extraction-two recharge" policies. 

Community participation through water user associations, 

proven successful in Andhra Pradesh and Gujarat, should be 

replicated nationwide, ensuring sustainable management 

practices persist beyond policy cycles. 

 

5. Conclusions 
 

The twenty-year synthesis of GRACE/GRACE-FO 

terrestrial water storage and Noah-GLDAS soil moisture 

data reveals India's accelerating water crisis with 

unprecedented clarity. The integrated satellite observations 

document a fundamental transformation in the nation's 

hydrological system, characterized by three critical shifts: 

persistent groundwater depletion in the northwestern Indo-

Gangetic Plains with TWS anomalies of -30 to -40 cm that 

no longer recover even during exceptional monsoon years; 

intensifying hydrological extremes where drought impacts 

have become more severe while surplus years fail to restore 

balance; and urban collapse exemplified by Delhi's 

continuous negative trajectory despite regional precipitation 

surpluses. The complementary datasets illuminate crucial 

mechanisms, with GLDAS revealing rapid soil moisture 

depletion that precedes deeper groundwater changes by 
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several months, providing early warning signals while 

confirming that anthropogenic pressures have severed 

natural recharge pathways. The temporal disconnect between 

ephemeral surface responses and persistent groundwater 

decline demonstrates that recovery timescales now exceed 

extraction cycles across much of northern India, meaning 

single favourable monsoons cannot compensate for 

accumulated deficits. 

 

Delhi's evolution from moderate stress in 2003 to 

hydrological bankruptcy by 2023 represents the extreme 

endpoint of India's water trajectory, where urbanization has 

created conditions that prevent recovery even during the 

exceptional July 2023 precipitation events that brought +40-

45 cm anomalies to surrounding regions while Delhi gained 

merely +5-10 cm. This stark disparity within a 50-kilometer 

radius confirms that conventional water management 

approaches have become obsolete in the face of systemic 

breakdown. The evidence demands transformative 

interventions including mandatory rainwater harvesting to 

capture the extreme precipitation currently lost to runoff, 

agricultural shifts from water-intensive rice-wheat systems 

to climate-appropriate crops that could reduce demand by 

30-40%, restoration of natural recharge zones through urban 

green infrastructure, and inter-basin transfer systems to 

address growing spatial heterogeneity between flood-prone 

and drought-affected regions. The GRACE-GLDAS 

framework establishes the scientific foundation for adaptive 

management through real-time monitoring and early 

warning capabilities, yet the accelerating depletion trends 

suggest the window for effective intervention is rapidly 

closing. India stands at a hydrological crossroads where the 

choice is stark: implement radical reforms in water 

governance, agricultural practice, and urban planning, or 

face irreversible aquifer exhaustion affecting 1.4 billion 

people within the next decade. 
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