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MI:       Meteoric Inflow through precipitation

IR:        Irrigational return flow

LS:       Lateral seepage from surface water

ULF:    Flow from upgradient location along 

flowpath

UDG:   Upwelling from deeper groundwater 

systems

OF:       Outflow by baseflow and discharge

GWW: Groundwater withdrawal

DLF:    Flow toward down gradient location 

along flow path

EG:      Evaporation from groundwater
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Groundwater recharge and storage processes



Source: Global map of irrigated areas 2013. FAOPopulation density. Source: NASA
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Introduction

˗ Rapid groundwater storage (GWS) depletion at some of the world’s densest populated areas 

would make billions of people suffering from socio economic stress in near future

˗ ~70% of groundwater withdrawals worldwide are associated with irrigation

˗ As GWS and vegetation are intricately linked GWS depletion may have profound impact on 

vegetation cover as well as food security
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Groundwater recharge estimation

In situ groundwater level measurement (n > 15,000)

Filtered Groundwater level (GWL)

Annual fluctuation in GWL (∆h) (n=4316) in 1996-2015

Recharge (Rg) = ∆h × Sy 

- Water table fluctuation (WTF) method

Specific Yield (Sy)

Temporal continuity 

Check for outliers 
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In situ groundwater recharge estimates

Precipitation (P)

Recharge (R) 

Groundwater abstraction (A)

Unit: billion cubic meter/yr

2011
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Comparison with in situ groundwater recharge estimates

Rg – Recharge through groundwater level data

Rn – Recharge through tracer application

Locations for recharge through 

tracer application
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- Sediment sample collection in 9 

locations within 3 districts across 

West Bengal

- A total of 27 drillings were 

conducted in 3 different land-use 

types within each location

- Tracer approach used to estimate 

groundwater recharge

Groundwater recharge estimation



Gravity Recovery and Climate Experiment

satellites

GRACE working principle
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Gravity Recovery and Climate Experiment (GRACE)



ΔGWS = ΔTWS – ΔSM – ΔSR – ΔSN

– ΔCN

ΔGWS = Groundwater storage anomaly

ΔTWS = Terrestrial water storage anomaly

ΔSM = Soil moisture anomaly

ΔSR = Surface runoff anomaly

ΔSN = Snow anomaly

ΔCN = Canopy water storage anomaly

Schematic diagram
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Groundwater storage anomaly estimation
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Satellite-based groundwater storage anomaly trends
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Limitations of GRACE mission and way forward

- The coarser spatial resolution of GRACE (data not suitable for analyses on areas 

smaller than ~100,000 km2 without further processing)

- Other hydrological components (soil moisture, surface water, snow, canopy water) 

used to disaggregate terrestrial water storage are mostly taken from global-scale 

models; the outputs are not influenced by groundwater depletion/replenishment 

feedbacks

- Temporal resolution: monthly

- It provides anomaly only, no absolute values

What next???? 

How to enhance the resolution both spatially and temporally? 

- Regression-based analyses to improve temporal resolution (Bhanja and Mukherjee, 

2019, ADWR)

- Machine learning-based analyses for enhancing spatial resolution (Bhanja et al., 

2019, GRL; Sun et al., 2019, WRR)

- Data assimilation in land surface models for improving both spatial and temporal 

resolution (Girotto et al., 2017, GRL; Li et al., 2019, WRR)
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Aquifer thickness estimation (Resolution: 0.10 × 0.10)



Usable Groundwater Storage (UGWS) trend
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Data used:

- Water level depth (WLD)

measurements

- Aquifer thickness (AT) data

- Specific yield (Sy) data

UGWS = (AT - WLD) × Sy
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Usable Groundwater Storage (UGWS) availability

Gridded (0.10 × 0.10)

2015

Data used:

- Water level depth (WLD)

measurements

- Aquifer thickness (AT) data

- Specific yield data

- Population data from

Columbia university

UGWS availability 

= (AT - WLD) × Sy / Population count



Source: 

https://www.usgs.gov/mission-

areas/water-

resources/science/arsenic-and-

drinking-water

Source: 

https://www.usgs.gov/special-

topics/water-science-

school/science/groundwater-

quality

Groundwater quality issues
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Low Mississippi river level

Mississippi River on October 18, near Portageville, Missouri. Source: CNN
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Source: https://water.weather.gov/precip/

Precipitation pattern in Oct-2021 to Sep-2022 (% of normal)
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Source: https://www2.usgs.gov/water/lowermississippigulf/lmgweb/meras/wateruse.html

Mississippi alluvial aquifer groundwater use in 2015
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Groundwater surface water interaction

Mukherjee, Bhanja and Wada, 2018, Scientific Reports
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Total pumping and river 

interaction at lower reaches

Reach E

Groundwater surface water interaction

Mukherjee, Bhanja and Wada, 2018, Scientific Reports
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Challenges/questions/concerns related to recharge/storage estimation

- Field-scale estimates for groundwater recharge might be the best option but 

challenging in terms of both

- Not a cost-effective option

- Heterogeneity in subsurface structure

- Using remote sensing-based estimates could be a good option but 

challenges are

- Coarser resolution

- Not providing absolute values

- Approaches using groundwater level data could be an appropriate and fast 

option

- Subsurface geology information is required
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Challenges/questions/concerns related to future prediction

- Applications using integrated surface-subsurface hydrological modeling (ISSHMs)

- Computationally intensive

- Required large amount of data for better simulation output

- Machine learning approaches

- User judgment required for selecting hyper-parameters and input variables

- No so much good-quality data available to train at future climate scenarios

- Surrogate modeling combining both machine learning and ISSHMs

- User judgment required for selecting hyper-parameters

- Selection of sub-basins for either ISSHMs or machine learning applications

- Semi-distributed model applications

- Heavily depended on model calibration and it is difficult to get future data

- Many key processes (eg. groundwater flow) missing 
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Thank You ☺


