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I. Introduction 

In recent years, satellite based gravimetric measurements from Gravity Recovery and Climate Experiment 

(GRACE) has enabled quantification of hydrological storage variations at large spatial scales. Terrestrial water 

storage (TWS) observations from GRACE represent all forms of water stored above and underneath the Earth’s 

surface. Hence, it plays an important role in the Earth’s climate system by controlling water, energy and 

biogeochemical fluxes [3]. The contribution of TWS in water resource assessment, climate change and ecosystem 

dynamics is also indispensable [16]. The GRACE mission [20] corroborates it’s competency to detect and quantify 

large hydrological variations with its accurate measurements and global coverage. GRACE derived hydrological 

signals have been proved to be crucial in rendering TWS deficits over regional scales owing to climate change [2] 

or anthropogenic activities (e.g. [14], [7]) . Further, GRACE-derived TWS estimates have been extensively used 

in assessing changes in TWS [19], groundwater stress (e.g. [11], [12]), groundwater storage changes (e.g. [4], 

[1]), freshwater discharge [17], evapotranspiration ([23], [18]) ,  surface runoff [8], drought (e.g. [22], [15]) and 

regional flood potential [10]. 

Apart from GRACE, TWS estimates from land surface model (LSM) simulations like Global Land Data 

Assimilation System (GLDAS) has also been utilized for studying hydrological variations as well as to compare 

and validate GRACE-based TWS observations (e.g. [19], [9]).  

Apropos of the current scenario in a country like India, water resource management has become a serious issue 

under the circumstances like growing population, economic development and expeditious urbanization. In India, 

according to reference [6], most of the water demand is accomplished by groundwater extraction of which includes 

50% of the total irrigation water demand, more than 80% of rural water need and nearly 50% of urban utilization. 

In this study we focus on to explore the variations in TWS observed from two different GRACE solutions and 

GLDAS and to estimate and compare the TWS deficits [21] observed from these datasets over the four major 

river basins of India for a time period of 165 months (April 2002 to December 2015). 

 

II. Data and Methods 

In this study we have utilized the most recent monthly estimates of one degree and half degree gridded GRACE 

land water storage produced by University of Texas Centre for Space Research (CSR) (RL05) and NASA Jet 

Propulsion Laboratory (JPL) respectively. The regional TWS data from GLDAS-1 driven NOAH land surface 

model distributed in one degree grid have also been utilized in this study. GLDAS integrates both satellite and 

ground based observations in order to produce optimal fields of land surface states and fluxes in near–real time 

and produces a high resolution, global, offline terrestrial modelling system [13]. The GLDAS modelled TWS 

comprises of all layers of soil moisture, snow water equivalent and plant canopy water storage (Equation 1). Note 

that surface water and groundwater are not included in GLDAS derived TWS. This can attribute to 

underestimation of TWS variations [19]. 
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𝑇𝑊𝑆𝑖 = 𝑆𝑀𝑖 + 𝑆𝑊𝐸𝑖 +  CNP𝑖                        ...(1) 

Where ‘TWS’ is terrestrial water storage, ‘SM’ stands for accumulated soil moisture of all the layers, ‘SWE’ 

represents snow water equivalent and ‘CNP’ correspond to plant canopy water storage. 

Here we computed the spatially averaged timeseries separately for the two GRACE derived solutions (both the 

estimates from CSR and JPL MASCON) and GLDAS for the study area for 165 months that comprises of the 

four major river basins of India (Figure 1) namely Ganga (8,61,452 sq. km), Krishna (2,58,948 sq. km), Godavari 

(3,12,812 sq. km) and Mahanadi (1,41,589 sq. km) (Figure 1).  

 

 
Figure 1. Study area map of the four major river basins of India. 

 

For each of the river basins, climatology is evaluated by averaging monthly TWSA values for each calendar month 

which can be considered as to represent normal conditions. The monthly climatology is helpful in discerning the 

presence of seasonality or materialization of unusual events in a particular region. The residual time series 

(Equation 2) is obtained by subtracting the regional climatologic TWSA from the monthly GRACE estimates 

[15], elucidate departures from the normal annual cycle.  

Where TWSD is terrestrial water storage deficit; the superscript ‘‘clim’’ represent mean monthly climatology of 

TWSA. The subscript ‘i’ ranges from 1 to 165 (i.e., the total number of months in the study period) and ‘j’ varies 

from 1 to 12, indicating corresponding calendar month. Note that the negative sign of TWSD designate only the 

negative residuals. 

−𝑇𝑊𝑆𝐷𝑖 =  𝑇𝑊𝑆𝐴𝑖 + 𝑇𝑊𝑆𝐴𝑖
𝑐𝑙𝑖𝑚  ....(2) 

In order to quantify how much water (volume) is actually depleted from TWS the area of the respective basins is 

multiplied with the negative values of the residual timeseries to evaluate the volumetric negative deviations from 

normal conditions. A modified Mann-Kendall trend test [5] implemented to compute basin scale trend for each of 

the datasets used for each of the river basins.  

 

III. Results 

In this section we present the variations observed in GRACE derived TWSA and TWSA estimates from GLDAS 

and their recent trends as well as the storage deficits over the four major river basins of India. 

Figure 2 illustrates the time series of TWSA estimates for each of the four river basins of India. In all the river 

basins it is observed that there is not much differences between the amplitude of TWSA estimates from CSR and 

JPL MASCON. But, at occasion’s divergence are observed between the two datasets. Such inconsistencies can be 

distinctly observed in 2004-2006 and 2015 in Figure 2a, 2002 and 2015 in Figure 2b, 2003, 2010 and 2013-2015 

in Figure 2c and 2005 and 2012-2015 in Figure 2d. In comparison to GRACE derived TWSA estimates TWSA 

computed from GLDAS are underrated. The possible reason behind this discrepancy can be attributed to the 

exclusion of groundwater and surface water storage in GLDAS model that caused momentous underestimation of 
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TWS variations. On the contrary, this can also be helpful to account for groundwater and surface water by simply 

computing the difference between GRACE and GLDAS estimates. Amongst the trend estimates of TWSA the 

maximum increasing annual trend of 4.50 mm/yr is observed in the Godavari basin evaluated from JPL MASCON 

datasets while decreasing trend of -6.36 mm/yr is observed in Ganga river basin. In figure 2a it is observed that 

all the TWSA estimates exhibit negative annual trend indicating a depleting storage condition. In Krishna (Figure 

2b) and Godavari basin (Figure 2c) TWSA estimates from GRACE illustrates a prevailing surplus (positive trend 

values) storage condition while GLDAS model indicates a depleting condition (negative trend value). However, 

in Mahanadi river basin (Figure 2d) TWSA from CSR and GLDAS reflect decreasing trend while JPL MASCON 

TWSA imply an increasing trend value of 2.50 mm/yr. Therefore it is critical to note that Ganga basin represent 

a depleting storage condition with respect to the other three river basins showing positive trends. The trend values 

for each of the river basins are given in table 1. 

 
Figure 2. Timeseries of TWSA over the four major river basins of India, viz. (a) Ganga, (b) Krishna, (c) Godavari 

and (d) Mahanadi river basins. Blue broken lines: GRACE CSR; Green broken Lines: GRACE JPL MASCON, 

and Red Solid Lines: GLDAS (NOAH). 

 

Table 1. Estimation of trend and storage deficits from GRACE and GLDAS for the four major river basins of 

India. 

 
River Basin Dataset Trend (mm/yr) Accumulated TWSD (km3) 

Ganga Basin 

CSR -3.81 -4351.20 

JPL MASCON -6.36 -5220.80 

GLDAS -0.21   -822.92 

Krishna Basin 

CSR 0.36 -4135.70 

JPL MASCON 0.78 -3584.10 

GLDAS -0.11   -668.95 

Godavari Basin 

CSR 0.83 -3424.70 

JPL MASCON 4.50 -4041.90 

GLDAS -0.17   -851.00 

Mahanadi Basin 

CSR -0.20 -3248.10 

JPL MASCON 2.73 -4267.10 

GLDAS -0.32   -935.73 

 

Figure 3 shows the volumetric estimation of TWSD for each of the four river basins of India (Figure 1). Stair plots 

of TWSD observed in all the basins during various periods between April 2002 and December 2015, and are 

representative of storage depletions. The cumulative TWSD in each of the basin is given in Table 1. There is 

approximately 5, 7, 4 and 6 uninterrupted major deficit phases observed in Ganga (Figure 3a), Krishna (Figure 

3b), Godavari (Figure 3c) and Mahanadi (Figure 3d) river basins respectively. The maximum monthly volumetric 

deficits of GRACE CSR observed in Ganga, Krishna, Godavari and Mahanadi river basins are -314.47 km3, -
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240.04 km3, -216.04 km3 and -270.39 km3 respectively. All the peak deficits occurred in the month of December 

2015. The maximum deficits estimated from JPL MASCON derived TWSA are -222.69 km3, -142.22 km3, -

155.38 km3 and -214.35 km3, observed in December 2015 for Ganga and Krishna basins, March 2003 for Godavari 

basin and August 2002 for Mahanadi basin. TWSD estimates computed from GLDAS can be considered as 

insignificant as it does not include groundwater and surface water storage for storage estimations. Storage deficits 

recognized from GRACE solutions signifies their potential for providing valuable hydrological information 

specifically in areas of pronounced groundwater withdrawals. Owing to the differential water management 

subsurface water is more depleted in comparison to surface water.  

 

 
Figure 3. TWSD observed by GRACE and GLDAS for the four major river basins of India, viz. (a) Ganga, (b) 

Krishna, (c) Godavari and (d) Mahanadi river basins. In this stair plot TWSD from GRACE CSR, GRACE JPL 

MASCON and GLDAS (NOAH) are marked by blue, green and magenta colours respectively. 

 

IV. Discussion and Conclusions 
Here, we analysed the TWSA variations and quantified volumetric storage deficits over four major river basins. 

The study reflects the potential of comprehensive assessment of storage variations over large spatial scales. 

Results discussed here impart immense knowledge emphasizing on the temporal variations of TWSA and 

deciphering the hydrologic scenario of the four major river basins of India. In all the river basins, comparison of 

monthly estimates of TWS changes from different GRACE solutions reveals significant agreement. Furthermore, 

results once again demonstrate the ability of GRACE for precise assessments of land water storage changes at 

river basin scales. Analysis of TWSA indicates JPL MASCON to be the best providing land water storage 

estimates. GLDAS modelled TWSA lacking the groundwater and surface water storage variations extend the 

possibility of computing the mentioned components from GRACE. Basin averaged TWSA show significant 

decline in the Ganga basin at the rate of -6.36 mm/yr estimated from JPL MASCON depicting water stressed 

condition. However, in Krishna, Godavari and Mahanadi basins increasing trends in TWSA is observed. The study 

also quantifies the monthly storage deficits from GRACE and GLDAS modelled TWS. In the Ganga basin, TWS 

estimates from CSR and JPL MASCON show a cumulative deficit of -4351.20 km3 and -5220.80 km3 over the 

period of almost 13 years (April 2002 – December 2015). In Krishna, Godavari and Mahanadi river basins the 

quantified volume of deficit from CSR (JPL MASCON) solutions are -4135.70 km3 (-3584.20 km3), -3424.70 

km3 (-4041.90 km3) and -3248.10 km3 (-4267.10 km3) respectively. TWSD estimation also bestow a direct way 

in order to quantify terrestrial water storage changes, encompassing the volume of water required to meet the 

deficit to restore to its normal condition for that time of year. The utilization of land water storage is expedient as 

it eliminates dependency on high frequency variations of hydrologic fluxes and can thus be assumed as a strong 

criterion for volumetric storage deficits. This study presents a thorough analysis of variability of TWSA from 

GRACE and GLDAS observations over major river basins of India. Beyond the conclusions, the work presented 

here accords an improved understanding of hydrologic and climatic processes. Moreover, results from this study 

will serve as a measure to understand the initiation and termination of hydrologic extremes and can also be used 

as a holistic measure to quantify extreme hydrologic events. 
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