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ABSTRACT: 

 

Groundwater is utilized intensively as a source of fresh water for irrigation and human needs. Hence, it is necessary to monitor 

groundwater storage for water security of the region in the future. The present study aims to evaluate the groundwater resource over 

the Krishna basin in South India. The basin comprises of 210 major and medium irrigation projects, which makes it important to 

evaluate the groundwater balance for a sustainable groundwater draft. This study evaluates the trend in groundwater anomaly derived 

from GRACE mascon product. Results indicate that the Krishna basin is subjected to a strong decline in groundwater at a rate of 0.34 

cm per year. Further, the study explores the seasonality of precipitation and its effect on groundwater by adopting an entropy-based 

approach. Results indicate the combined effect of delay in precipitation to attain peak and reduced duration of the wet season as a 

primary reason for the decline in the groundwater storage. The result shows that the reduction in groundwater storage affects the 

evapotranspiration over the region.  

 

 

1. INTRODUCTION 

Groundwater is the major continuous source of freshwater in 

many parts of the world. Particularly in India, 85 % of the total 

annual groundwater draft is utilized for agriculture (FAO 2012). 

The groundwater storage is depleting at an alarming rate owing 

to its overexploitation for irrigation. As mentioned in IWRS 1997 

the haphazard use of groundwater can lead to severe water-

deficit, particularly over all of northwestern India, the southern 

plateau and southeastern coastal region by year 2025. Rodell et 

al., 2009 indicated a depletion of groundwater at a mean rate of 

4.0 ± 1.0 cm per year across the states of Rajasthan, Punjab, 

Haryana, and western Uttar Pradesh. The increasing groundwater 

demand for irrigation poses a critical question about the future 

feasible of groundwater draft from the basin and water security 

of this region. Therefore, assessment and sustainable 

management of water balance are critical due to the dependence 

of the high population density and intensive agriculture activities 

on groundwater storage. 

The sparse distribution of in situ hydrometeorological stations 

poses a major challenge to evaluate the variability of 

groundwater resources. The model simulations are also subjected 

to error owing to hilly topographic terrains (Nair and Indu, 2017; 

Nair and Indu, 2018). The central groundwater board (CGWB) 

of India provides observations from more than 30,000 monitoring 

wells for four seasons. These observations lack information about 

deep aquifers as they pertain to shallow aquifer depths. The 

recent development in spaceborne remote sensing has provided a 

myriad of land surface observations. Some of the operational 

satellites providing surface soil moisture include the 

Meteorological Operational (METOP) satellites (Wagner et al., 

2013), Coriolis satellite (Gaiser et al., 2004), the Global Change 

Observation Mission-Water (GCOM-W) satellite,  Soil Moisture 

Ocean Salinity (SMOS) mission (Kerr et al., 2010) and the Soil  

 

Moisture Active Passive (SMAP) mission (Entekhabi et al., 

2010). In addition to this, satellites are equipped with an 

advanced radar altimeter, which has the ability to monitor water 

levels over lakes, rivers, and floodplains. The Gravity Recovery 

and Climate Experiment (GRACE) mission provide observations 

of terrestrial water storage (TWS) changes from 2002. The 

GRACE TWS anomaly includes the vertical integration of water 

balance components such as surface water, soil moisture, snow, 

and groundwater. GRACE observations are particularly useful in 

areas with scarce networks of ground-based observations 

(Swenson and Wahr, 2009).   

The principal objective of GRACE mission is to monitor the total 

terrestrial mass fluctuation with the variation in gravity field from 

satellite gravimetric measurements. Studies have efficiently used 

GRACE observations to monitor the groundwater variability at 

regional and global scales (Hassan and Jin, 2014). In a study by 

Swenson and Wahr, 2009, the GRACE observations could 

successfully capture the water level variations in Lake Victoria 

caused due to drought and human activities. Becker et al., 2010 

utilized the GRACE data to explore the variability in TWS and 

lake water volume over each Africa and found that Indian Ocean 

Dipole (IOD) was a major factor in the variation in total water 

discharge. Similarly, different studies have utilized GRACE 

observations to monitor groundwater depletion over India 

(Rodell et al., 2009; Tiwari et al., 2009, Chen et. al., 2014), the 

recent studies on this topic are from Bhanja et al., 2016; Asoka et 

al., 2017, Banerjee and Kumar, 2018. However, the majority of 

this studies are focused on the northwest India aquifers (Indo 

Gangetic Basins) neglecting the southern regions. Furthermore, 

they have evaluated GRACE observations for a period from 2002 

to 2013 or before. Considering all these points the present study 

utilizes GRACE TWS observations to evaluate the groundwater 

variability over the Krishna basin in the south Indian peninsula 

for a period from 2002 to 2016. 
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2. STUDY AREA AND DATA USED 

2.1 Study Area 

The present study is performed on the Krishna Basin (Fig. 1). It 

covers nearly 8% (2,58,948 Sq. Km) of the total geographical 

area of India, extending over states of Maharashtra, Karnataka 

and Andhra Pradesh. It lies between 73017’ to 8109’ east and 

13017’ to 190 22’ north with a length of 701 km and width of 672 

km. This basin is surrounded by Balaghat range on the north, the 

Eastern Ghats in the east and the Western Ghats in the west. It 

receives an average annual rainfall of 784 mm during the south-

west monsoon season from June, July, August, and September 

(JJAS).  The basin is covered with agricultural land accounting 

for 75.86 % of the total area (Fig. 1b) (National Institute of 

Hydrology). It has 210 major and medium irrigation projects in 

completed and ongoing stages (Major irrigation projects: 

Completed- 32, ongoing- 41; Medium Irrigation projects: 

Completed – 104, ongoing-30, proposed-3) (India-WRIS 

WebGIS). Therefore, it is very crucial to evaluate the 

groundwater storage over the Krishna basin for future feasibility 

and sustainability of groundwater draft 

 

 

 

 

 

 

 

2.2 GRACE observations 

For the present study groundwater storage variability over the 

Krishna basin is evaluated using GRACE observations. The 

change in terrestrial water storage can be derived from GRACE 

monthly gravity anomalies (Rodell and Famiglietti,1999). 

GRACE products are available from three different sources 

namely GFZ (Geoforschungs Zentrum, Potsdam), CSR (Center 

for space research at the University of Texas, Austin) and JPL 

(Jet propulsion laboratory). For the present study, monthly CSR 

RL05.01M Mascon (Save, Bettadpur and Tapley, 2016 ) are used 

over a period from April 2002 to December 2016. Authors have 

selected this particular product for its high resolution (0.50 x 0.50) 

and quality control as compared to other GRACE products. The 

GRACE monthly TWS anomaly (TWS_A) represents total 

vertical water balance composed of soil moisture anomaly 

(SM_A), snow water equivalent anomaly (SWE_A), surface 

water/reservoir storage anomaly (SW_A), canopy water content 

anomaly (CW_A) groundwater anomaly (GW_A) as shown in 

equation 1 

 

TWS_A = SM_A + SWE_A + SW_A + CW_A + GW_A      (1) 

 

GW_A = TWS_A – (SM_A + SWE_A + SW_A + CW_A)    (2) 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Red lines indicate location of Krishna basin, (b) Anthropogenic Biome (For 2000, Source: Ellis et al., 2013), (c) Linear 

trend in groundwater derived from GRACE mascon 
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Groundwater storage anomaly is estimated using equation 2. The 

supporting files to compute groundwater are obtained from 

NASA Global Land Data Assimilation System (GLDAS; Rodell 

et al., 2004) Noah (Chen et al., 1996; Koren et al., 1999) model.   

 

2.3 IMD Precipitation Data 

The present study evaluated the impact of precipitation on 

groundwater using the latest version of daily gridded rainfall 

dataset (IMD4) from India Meteorological Department (IMD). 

Which has a spatial extent of 6.50 N to 66.50 N latitude and 66.50 

E to 1000 E at a spatial resolution of 0.250 x 0.250. The dataset is 

available for 115 years from 1901 to 2015.  It consists of 

observation from 6995 rain gauge stations, which is the highest 

number of stations used till date for the IMD products (Rajeevan 

et al., 2006; Pai et al., 2014). For this study, data is evaluated for 

a period from 2002 to 2015. 

 

2.4 MODIS ET 

In order to study the impact of evapotranspiration (ET) on 

groundwater or vice versa, Moderate Resolution Imaging 

Spectroradiometer (MODIS) ET product is used. The MOD16A2 

Version 6 data is globally available as an 8-day composite 

product with a spatial resolution of 500 meters (Running, Mu and 

Zhao, 2017). This product relies on the Penman-Monteith 

equation to compute ET from MODIS vegetation property, 

albedo, and landcover along with meteorological reanalysis data. 

The gridded MODIS products are averaged to the resolution of 

GRACE grid for the analysis of results.  

 

Datasets used in the present study are summarized in Table 1. 

 

Table 1. Summary of datasets used in the present study 

 

 

Sr. 

N 

 

Data 

 

Spatial 

Resolution 

 

Time period 

 

1 

 

CSR GRACE 

mascon 

 

0.50  x 0.50 

 

April -2002 to 

December - 2016 

 

2 

 

IMD4 

 

0.250 x 0.250 

 

2002 to 2015 

 

3. 

 

MODIS ET 

(MOD16A2) 

 

~ 0.0050 x 

0.0050 

 

2002 to 2016 

 

 

3. METHODOLOGY 

The key objective of the present study is to evaluate the 

variability of groundwater in the Krishna Basin using GRACE 

observations. Towards this goal, the groundwater anomaly 

(GW_A) is separated from the total water storage anomaly 

(TWS_A) using equation 2. For this, the soil moisture in the 

unsaturated zone (2 m), canopy water content and snow water 

equivalent are obtained from 3 hourly GLDAS Noah model 

(0.250 x 0.250). In order to compute the anomaly these datasets 

are converted to a monthly scale, the mean of monthly Noah  

TWS (2002 - 2016) is subtracted from monthly datasets to obtain 

TWS anomaly contribution from the surface component. In the 

second stage of analysis a pixel-wise linear trend analysis is 

performed on the groundwater anomaly (GW_A) estimates. 

Further, to evaluate the variability of precipitation over the basin 

an entropy-based seasonality index is applied to the IMD 

precipitation over the basin (Feng et al., 2013; Sahany et al., 

2018).   

3.1 Entropy based analysis 

To evaluate the variability of precipitation over the Krishna 

basin, an entropy based analysis adopted as proposed by Feng et 

al., 2013.  For this analysis, long-term monthly mean rainfall 

accumulation (rm) are computed from daily IMD data for a period 

from 2002 to 2015. Further the monthly rainfall probability 

distribution (𝑝𝑚̅̅ ̅̅ ) is obtained by dividing rm with mean annual 

rainfall accumulation (𝑅̅).  The relative entropy (𝐷̅) provides the 

information about the concentration of rainfall during a year from 

the departure of the monthly rainfall probability distribution (𝑝𝑚̅̅ ̅̅ ) 

with respect to a uniform distribution (𝑞𝑚 = 1/12) as shown in 

equation (3) 

 

   𝐷̅ =  ∑ 𝑝𝑚̅̅ ̅̅  log2
𝑝𝑚̅̅ ̅̅

𝑞𝑚

12
𝑚=1                                (3) 

 

Seasonality index (𝑆̅ ) provides information about the distribution 

of rainfall during a year. For regions with uniformly distributed 

rainfall throughout the year seasonality index will be zero, while 

for regions receiving rainfall for only one month it attains a 

maximum value. The index is computed as a product of relative 

entropy and spatially normalized rainfall as shown in equation 

(4) 

 

𝑆̅ =  𝐷̅ ∗  (
𝑅̅

𝑅𝑚𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅
)                                   (4) 

 

Where,  𝑅𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ is the spatial maximum annual accumulated 

rainfall. 

 

 

3.2 The timing of peak and duration of rainy season 

The present study further evaluates the variation in timing of peak 

rainfall and duration of wet season. The yearly timing of peak 

(Cy) is computed using equation (5) 

 

𝐶𝑦 =  
1

𝑅𝑦
 ∑ 𝑑 𝑟𝑦,𝑑

365
𝑑=1                              (5) 

 

Where Ry = the annual accumulated rainfall,  

d = the day of the year (y), 

ry,d = the daily rainfall 

 

The duration of wet season for each year (Zy) is computed using 

equation (6)  

 

𝑍𝑦 =  √
1

𝑅𝑦
 ∑ |𝑑 − 𝐶𝑦|2365

𝑑=1  𝑟𝑦,𝑑                    (6) 

 

It is to be noted that for the entropy analysis in section 3.1, 

monthly (m) accumulated precipitation data is used whereas in 

section 3.2 daily (d) rainfall datasets are used. 
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4. RESULTS AND DISCUSSIONS 

4.1 Trend Analysis of groundwater 

Figure 1(c) depicts the linear trend in groundwater anomaly 

derived from GRACE. The result indicates that majority of the 

basin has a negative trend in groundwater except for few regions 

in the northwest and the eastern region. Fig 1(b) represents the 

anthropogenic biomes over the basin (Ellis et al., 2013). It is 

observed that the majority of the region is covered in semi-natural 

and cropland area. The maximum rate of decline in groundwater 

is observed in the southern region at the rate of 0.34 cm/year. 

This can be attributed to a combined effect of anthropogenic 

activities and rainfall variability.  

 

 

 

 

In order to evaluate the variation in the rainfall an entropy based 

analysis is performed.   

 

4.2 Climatology of precipitation  

Figure 2 depicts spatial patterns of mean annual relative entropy, 

seasonality index, time for peak and duration of the wet season. 

Relative entropy (Figure 2a) is high over the Western Ghats 

region and lowest over the southern region. The high 

concentration of entropy indicates sharp seasonality of rainfall. 

Which can be justified with the fact that the Western Ghats in 

Maharashtra region receives rain during June, July, August, and 

September (JJAS). Further, the results indicate low entropy in 

southern and eastern regions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Represents spatial patterns of yearly mean for a period from 2002 to 2015 of (a) Relative entropy, (b) 

Seasonality Index, (c) Time for peak monsoon (in days), (d) Duration of wet season (in days)  
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Which is owing to a longer monsoon over the region from the 

southwestern monsoon and northeastern monsoon. The 

seasonality index (Figure 2b) shows a similar spatial pattern with 

high seasonality over the Western Ghats region and low index 

over southern regions. India’s rainfall climatology attains peak 

during Jul-August over the majority of states except for the 

southeastern peninsula which receives peak rainfall from 

September to November (Nair and Indu, 2017). Figure 2c 

indicates a similar result with western parts having a lower time 

to attain peak while the eastern and central portion of the basin 

attains peak after a lag of approximately 1 to 2 months. Similarly, 

the southeastern region of the basin experiences a longer 

monsoon season as compared to the western portion of the basin 

(Figure 2d) 

 

 

 

 

 

 

 

 

4.3 Trend in precipitation seasonality 

Figure 3 represents the spatial pattern of a linear trend in relative 

entropy, seasonality index, time for peak and duration of the wet 

season. The Western Ghats region and the northeastern coast of 

the basin indicate a positive trend in relative entropy and a 

negative trend in the southern region (Figure 3a). This indicates 

that the annual rainfall is more concentrated to a particular season 

over the positive trend regions while it is more spread in regions 

showing a negative trend. These results are consistent with the 

trend observed in seasonality index values (Figure 3b). The time 

for peak shows a negative trend (Figure 3c) over regions showing 

a negative trend in groundwater (Figure 1c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Represents spatial patterns of linear trend for a period from 2002 to 2015 for (a) Relative entropy, (b) Seasonality 

Index, (c) Time for peak monsoon (days), (d) Duration of wet season (in days) 
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Similarly, the duration of the wet season follows a negative trend 

over the majority of the region except for the central portion 

(Figure 1d). Which indicates a slight decline in the monsoon 

season over the basin. This affects the groundwater recharge over 

the region as the only source of recharge is from precipitation and 

surface water unlike north Indian basins having recharge from 

glaciers.       

 

4.4 Groundwater link to precipitation and 

evapotranspiration 

This study further explores the dependence of yearly 

groundwater anomaly on evapotranspiration and precipitation 

seasonality. Figure 4a shows the correlation between yearly 

relative entropy with GRACE groundwater anomaly, it can be 

observed that groundwater shows a complex dependence on 

precipitation entropy with low and high correlation coefficients 

(CC) throughout the basin. However, the portion of the basin 

from 770 E to 790 E shows a high correlation between 

precipitation entropy and groundwater. Which indicates that a 

high concentration of precipitation leads to high groundwater 

anomaly in the region. Similar, results can be observed in 

seasonality index (Figure 4b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From this result, it can be inferred that the sharp increase in 

seasonality increases the groundwater anomaly. Figure 4c 

indicates that majority of the basin shows a high correlation 

between time of peak and groundwater anomaly. From this result, 

it can be inferred that increase in time of peak (i.e delay in rainfall 

peak) results in an increase in groundwater anomaly. Figure 4d 

shows that the majority of the basin has a negative correlation 

between evapotranspiration (ET) and groundwater anomaly. 

Which shows that high evapotranspiration of surface water 

increases the percolation and reduces the groundwater anomaly. 

However, the southern region of the basin shows a positive 

correlation. Where the increase in ET increases groundwater 

anomaly which is in accordance to the Figure 1c. Further, Figure 

4e indicate that groundwater anomaly has a negative CC with 

duration of the monsoon season. Hence, it can be concluded that 

a decrease in the duration of the wet season increases the anomaly 

in groundwater.     

 

 

 

  

 

 

  

 

 

 

 

 

 

 

 

Figure 4. Depicts spatial pattern of correlation coefficient between groundwater and (a) Relative entropy, (b) Seasonality Index, 

(c) Time for peak monsoon, (d) Evapotranspiration, (e) Duration of wet season    
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5. SUMMARY  

Previous studies on evaluation of groundwater highlight the 

strong negative trend in the North-western states neglecting the 

southern regions (Rodell et al., 2009; Tiwari et al., 2009; Chen et 

al., 2014, Bhanja et al., 2016). The present study shows that the 

Krishna Basin in South India is also subjected to a strong 

negative trend in groundwater. It further studies the changes in 

rainfall seasonality using an entropy-based approach.  

 

The results from this study indicate that the groundwater storage 

in the Krishna basin (Karnataka region) is reducing at a rate of 

0.34 cm per year. Precipitation over the Krishna basin is 

subjected to a negative decline in seasonality over the Western 

Ghats region. The high concentration of rainfall seasonality in 

conjunction with the reduction in the wet season reduces the 

groundwater recharge time. The study further shows a strong link 

between evapotranspiration (ET) and groundwater anomaly. This 

study provides an insight into the groundwater condition over the 

Krishna basin. It will help the government bodies to implement 

robust strategies for a sustainable futuristic groundwater storage. 
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