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Abstract 9 

United Nations Sustainable Development Goal (SDG) ensures adequately accessible water and 10 

management for all. Due to the rapid increase in population and industries along the Ganga 11 

river, it is necessary to estimate the water budget for fulfilling the demand for water in the 12 

future. The M-K test conducted on the Noah-Land Surface Model data for 72 years results in 13 

maximum declining trend of water budget in the Yamuna Lower (Q=-3.82BCM/year), and 14 

minimum in the Damodar sub-basin (Q=-0.10BCM/year). All the sub-basins show increase in 15 

groundwater level (mbgl) except the Kali Sindh, which shows decreasing trend (Q=-0.07 16 

m/year). The extreme severe groundwater drought were estimated using Standard Groundwater 17 

Level Index (SGWLI), of the values  for the Ram Ganga Confluence (SGWLI=2.44;2005), 18 

Upper stream of Gomti (SGWLI=2.06;2014), Ghaghra (SGWLI=2.22;2005), Ram Ganga 19 

(SGWLI=2.28;2005), Yamuna Lower (SGWLI=2.13;2007), Kali Sindh 20 

(SGWLI=2.30,2.67;2002,2003), Chambal Upper (SGWLI=2.30,2.20;2001,2003), Son 21 

(SGWLI=2.02;2010), Gandak (SGWLI=2.37;2010),Kosi (SGWLI=2.08;2012), Damodar 22 

(SGWLI=2.72;2010), and Bhagirathi (SGWLI=2.06;2014) were obtained for a period of 1996 23 

to 2016 using a total of 62,050 observed well data.The obtained in-situ point data are converted 24 
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into the surface raster using geostatistical technique. Our results show declining trend in the 25 

water budget of all the 19 sub-basin of the Ganga basin, and also the groundwater drought in 26 

several parts.  Policy makers will benefit from our findings as they can use them to further UN 27 

Sustainable Development Goals such as ending poverty (SDG-1), hunger eradication (SDG-28 

2), clean water & sanitation (SDG-6), socioeconomic development (SDG-8) and climate action 29 

(SDG-13) all of which must be accomplished before 2030. 30 

Keywords: GLDAS, GIS, Drought, Groundwater Level, M-K Test, Water Budget 31 

1. Introduction 32 

United Nation Sustainable Development Goal ensures accessibility and sustainable water and 33 

sanitation for all. It also highlights the importance of growing concern on water and sanitation 34 

problems in the global political agenda (SDG,2018). As per the Fourth Assessment Report by 35 

the Intergovernmental Panel on Climate Change (IPCC), the average worldwide temperatures 36 

could increase by 1.1–6.4°C by the end of the 21st century (IPCC, 2007). Climate change may 37 

influence the worldwide and regional hydrological cycle, varying the spatial and temporal 38 

distribution of major elements of the hydrological-cycle such as rainfall, runoff, evaporation, 39 

and soil moisture, causing re-distribution of surface and groundwater  resources over a spatio-40 

temporal scales, and  enhancing the possibility of a number of hydrological extremes (Qin et 41 

al., 2011). Changing precipitation or melting snow and ice in many areas changes hydrological 42 

processes and impacts water supplies in terms of quantity and quality (Jarraud and Steiner, 43 

2012). The rate of precipitation is not evenly distributed over the global spatial extent. The 44 

distribution of open fresh water on Earth's surface available in reservoirs, rivers, and swamps 45 

are 87%, 2% and 11%, respectively (Gleick,1993). Computations of the water storage was 46 

frequently done by applying: in-situ observations, hydrological modelling and remote sensing 47 

(Hall et al., 2011;Duan and Bastiaanssen, 2013). Unavailability of ground-based gauge 48 

stations, especially in developing and underdeveloped countries, and uncertainty in the 49 

hydrological model leads to foster the use of remote sensing data for sustainable water resource 50 

management ( Fang et al., 2008; Singh et al., 2016;Bring et al., 2017 ). Assessing water storage 51 

and stream discharge will permit us to comprehend the dynamics of the topographical division 52 

of the global water cycle, and to predict the significances of alteration on water resources 53 

(Zhang et al., 2006). 54 
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The studies of groundwater depletion reveales that maximum depletion rate was found in Indo-55 

Gangetic plains of northern India, consequently Bangladesh, also the region of Nepal and 56 

Pakistan (Aeschbach-Hertig & Gleeson,2012). Rodell et al., ( 2009) use the GRACE data, and 57 

Soil moisture dataset variation integrating with hydrological modelling shows that groundwater 58 

depletion takes place at an average rate of 4.0±1.0 cm/year in terms of equivalent water height 59 

over the region of Haryana (Delhi), Punjab and Rajasthan. The results show that the rate of 60 

depletion will be cause severe problems in the near future leading to water scarcity in several 61 

areas. Therefore, there is an urgent need for estimating the water budget for an efficient and 62 

sustainable management of water resources. A water budget defines the amount of water 63 

change retained in an environment, such as a basin, sub-basin or watershed, is balanced by the 64 

amount at which water flow takes place in and out of the region (Healy et al.,2007). 65 

Water available in the Earth's system is constant, although certain variations may occur 66 

locally depending on  geologic conditions and the regional climate (Birylo et al., 2018). 67 

Observed variations in an area's water supply can be used over time to determine the impacts 68 

of climate changes and human activity on water supplies (Healy et al., 2007). Apart from 69 

securing drinking water sources of groundwater, water budgets can be utilised for a number of 70 

applications such as land use/cover planning, water use developments, landfill location 71 

approvals, recharge well locations, residential and industrial water supply, irrigation water 72 

supply, metropolitan water supplies, total extraction, dam construction, and stormwater 73 

management (Maliva and Missimer, 2012). 74 

Global Land Data Assimilation System (GLDAS) model used by various researchers globally 75 

for the computation of water budget in different regions (Matrai,2011;Birylo 2017; Roads et 76 

al. 2003; Seneviratne et al. 2004; Swenson and Wahr,2002). Globally many researchers deploy 77 

the non-parametric Mann-Kendall (MK) test for the trend analysis of hydroclimatic variable 78 

for understanding the long term effect over the region due to climate change (Bocheva et 79 

al.,2009; Kysley,2009; Petrow and Merz,2009; Korhonen and Kouusisto, 2010, Dinpashoh et 80 

al. 2011; Blöschl et al. 2012). 81 

In this paper, we first estimate the water budget in the study area, secondly, time series analysis 82 

using a non-parametric test of the hydroclimatic variables is conducted which helps in 83 

understanding the trends. Finally, groundwater drought locations are identified using the in-84 

situ data from the monitoring wells . All these analyses were done into all the 19 sub-basin of 85 

the Ganga basin, since most of the Indian population lives along the Ganga river which has 86 

highly fertile agricultural land. . We apply a non-parametric test which helps to delineate the 87 

sub-basin which is more prone to water scarcity over the long time series analysis. 88 
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Water budgets is a component used by the decision maker to estimate the hydrologic process 89 

for the sustainable development of water resource management.Results of analysis may be 90 

useful forthe government and policymakers who apply the basin level water management plans 91 

to achieve  various objectives.  92 

2. Study Area 93 

 94 

The river Ganga originates from the Gangotri glacier in the district of Uttarkashi, Uttarakhand 95 

of the Himalayas regionat an elevation of ~7010m. With the Tropic of Cancer running across 96 

it, the Gaga basin is situated between 21°6' and 31°21' North Latitudes and 73°02' and 89°05' 97 

East Longitudes and having an area of ~0.88 million Km2. Ganga basin is bounded by the 98 

Himalayas in the north, Vindhaya and Chota Nagpur plateau in the south, Indus and Aravali in 99 

the west and meeting the confluence of Brahmaputra and Bay of Bengal in the east. Therefore, 100 

the Ganga river system has a large spatial variation in terms of ecological and 101 

hydrometeorological perspectives. Due to changing climate conditions, the Himalayan glaciers 102 

are vulnerable to extinction or retreat which is an alarming condition for maintaining a 103 

sustainable the flow of water into the river system and its tributaries. The effect of temporaland 104 

spatial variability of temperature, precipitation and evapotranspiration may significantly 105 

impact the water balance into the Ganga river system. The Ganga drains through a basin of 106 

extraordinary variation in geology, geomorphology, altitude, climate, land use, vegetation, and 107 

cropping pattern. India comprises ~22 major basins, out of which the Ganga basin plays a 108 

crucial role in economic development. The Yamuna Lower sub-basin (15.45%) has the largest 109 

per cent drainage area of the Ganga basin.  110 



5 

 

 111 

Fig.1 Geovisualization of the spatial location of Ganga basin 112 

 113 

3. Data Source and Methodology 114 

 115 

The first and foremost thing in the monitoring and estimation of the water budget is to delineate 116 

the river basin. Published map from CWC and ISRO was imported in the GIS platform, then 117 

georeferenced the map using Geographic Coordinate System having datum WGS 1984 118 

maintaining the spatial extent of the boundary (CWC and ISRO,2012). All the 19 sub-basin are 119 

digitised for the extraction of spatial data for further analysis. The development of GLDAS was 120 

done by the teams from different organisations like National Aeronautics and Space 121 

Administration (NASA), Goddard Space Flight Centre (GSFC) and National Oceanic and 122 

Atmospheric Administration (NOAA), and National Centres for Environmental Prediction 123 
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(NCEP) based on the long term data by using prediction and simulation models. Deployment 124 

of ground and space-borne observation the two constrained applied for land surface states 125 

include employing Land Surface Models (LSM) including meteorological data and, another by 126 

data assimilation techniques (Rodell et al., 2004). With the development of technology and 127 

research, four GLDAS Land Surface Model (LSM) were developed (Fang et al., 2008). The 128 

two main GLDAS land surface models include Mosaic (Seller et al.,1986), NOAH (Chen et 129 

al.,1996; Betts et al.,1997), whereas the other two including Community Land Model (CLM, 130 

Dai et al.,2003), Variable Infiltration Capacity model (VIC, Liang et al.,1994). Based on the 131 

hydrological flux from inward and outward, completing the water budget component in the 132 

study area using vertical (Precipitation and Evapotranspiration) and horizontal (Runoff) flux 133 

within the basin. GLDAS-2 NOAH land surface model having 36 parameters including 3-134 

hourly and monthly data product from 1948 to till now. The NOAH LSM are classified into 135 

five categories including past 3hr time average (tavg=12 parameter), past 3-hr accumulated 136 

(Qcc=3 variable), instantaneous (inst=14 variable), forcing past 3-hr average (f_tavg=3 137 

variable), and forcing instantaneous (f_inst=4 variable)(Spennemann et al., 2015). 138 

The GLDAS having the two-component for the long term climatological data studies are 139 

GLDAS-2.0 (Rodell et al., 2004) from 1948 to 2010 using global meteorological forcing data 140 

set from Princeton University (Sheffield et al.,2006), on the other hand, GLDAS-2.1 (Rodell 141 

et al.,2004) having the dataset from 2000 to till now by incorporating with a combination of 142 

Global Data Analysis System (GDAS), AGRicultural METeorological (AGRMET) modelling 143 

system radiation data, and disaggregated Global Precipitation Climatology Project (GPCP).    144 

The GLDAS NOAH land surface model L4 dataset, which uses as for the estimation of the 145 

water budget from 1948 to 2019 having a spatial resolution of 0.25 *0.25 degrees with monthly 146 

time average temporal data downloaded from Giovanni 147 

(https://giovanni.gsfc.nasa.gov/giovanni/). GLDAS_NOAH025_ M_2.0 (Beaudoing et al., 148 

2019) data used for water budget from 1948 to 1999, and from 2000 to 2019 149 

GLDAS_NOAH025_M_2.1 (Beaudoing et al., 2020) dataset are used. 150 

 Monitoring water availability in the study area, the water flow in river/stream depends upon 151 

the following component in the basin contributing to the flow are total precipitation rate 152 

(Rainf_f_tavg), evapotranspiration (evaporation and transpiration, Evap_tavg), rate of 153 

infiltration in the soil, surface water such as soil moisture, reservoirs, lake, and in addition 154 

groundwater storage and the last one is storm surface runoff (Qs_acc), this component provides 155 

complete water budget. The precipitation is an important component added into the earth 156 

https://giovanni.gsfc.nasa.gov/giovanni/
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system in the form of an inflow and leaving system by means of evapotranspiration and 157 

streamflow within the catchment. 158 

The objective of this paper is to estimate the water budget (balance) by using various satellite 159 

sensors and spectral measurements, which can be used for deriving water budget components.  160 

 161 

3.1 Computation of Water Budget 162 

 163 

The hydrological cycle considering the terrestrial water storage are given below (Peixoto and 164 

Oort, 1992; Yeh et al.,1998; Oki, 1999; Seneviratne et al. 2004);  165 

  166 

Pr=ET+∆S+Qs+Qb          (1) 167 

 168 

Where Pr denotes precipitation, ET is Evapotranspiration, ∆S shows Change in water storage, 169 

Qs is surface runoff, and Qb represents sub-surface runoff (Base Flow) within the system. 170 

 Within a given geographic region, most hydrological basin groundwater runoff is considered 171 

to be discharged into streams and, hence, is measured along with surface water 172 

runoff (Rasmusson,1968; Seneviratne et al. 2004)). Therefore, for large study area the equation 173 

1 can be modified into equation 2, based on the studies carried out globally (Syed et al., 2005; 174 

Sheffield et al., 2009; Gao et al., 2010; Sahoo et al., 2011; Pan et al.,2012; Long et al.,2015; 175 

Lv et al. 2017;  Birylo et al. 2018a; Birylo et al., 2018b) assuming there is no lateral flow of 176 

groundwater along the river basin in the study area (Wan et al., 2015). Considering that there 177 

is no surface, sub-surface, or groundwater net inflow/outflow in the study area, surface runoff 178 

and base-flow contribute to discharge. The first-order equation for surface water budget is 179 

given below: 180 

Pr
dS

S ET Qs
dt

      
 

         (2) 181 

Pr=SF+RF           (3) 182 

 183 

Where dS/dt denote the water budget (kg/m2/s) in the study area over the time "t", Pr is forcing 184 

time average variable for total precipitation rate (kg/m2/s) including snowfall (SF) and rainfall 185 

(RF), ET time average variable for evapotranspiration (kg/m2/s), Qs is the accumulated storm 186 

surface runoff (kg/m2/s), over bar denotes the temporal average water budget and its 187 

component, mean in the study area. 188 
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Precipitation is the source and sinks that surface receives from which evapotranspiration is lost 189 

to the atmosphere. Evapotranspiration is the cumulative amount of water vaporises into the 190 

atmosphere, including evaporation from land surfaces and transpiration from vegetation and 191 

plants. Runoff is the horizontal flow of water from the basin depending upon the morphometric 192 

characteristics of the terrain. It is important to note here that the GLDAS model, is  a column 193 

model, and lateral flow is not included, so this equation is valid in the sense that runoff and 194 

subsurface runoff actually is no net-input in the river basin, its really going through the 195 

eventually goes through the river stream of discharge, so that is one of the assumptions in 196 

deriving this. Another important thing is that when we look at these parameters GLDAS like 197 

system, there is no irrigation or other management such as reservoir or dam management are 198 

included, so this is an all-natural hydrologic cycle that we are looking at. To obtain the water 199 

budget component, we can use a number of data sources such as precipitation from GPM 200 

IMERG, and GLDAS download from Giovanni, for evapotranspiration ALEXI, MOD 16, and 201 

GLDAS download from SERVIR Global and Giovanni, and runoff which cannot be provided 202 

directly from satellite but estimated by GLDAS which is also downloaded from Giovanni, 203 

provide all these data for computing water budget. We used GLDAS because all parameters 204 

have the same spatial and temporal resolution. Therefore, the biggest advantage of GLDAS is 205 

that everything is uniformly gridded in pace and time, which gives better accuracy than using 206 

different satellite sensors of different temporal resolution. 207 

 208 

3.2 Non-Parametric Test for Time Series and  Trend Detection For Hydrometeorological 209 

Paratemets 210 

The non-parametric test employs to evaluate the magnitude and trend of the hydroclimatic 211 

parameter (Bisht et al., 2018; da Silva et al., 2015; Panda and Sahu, 2019). The time-series data 212 

are equally spaced and arranged in ascending order from 1948 to 2019. 213 

 214 

3.2.1 Measurement of the Significance of the Trend 215 

The detection of trends is a difficult task because of the various characteristics of the data. The 216 

main goal of trend analysis is to determine whether the values of the data are increasing, 217 

decreasing, or remaining static over time (Kisi and Ay 2014;Marques et al., 2015)). In order to 218 

detect trends, nonparametric tests Mann-Kendall S Statistic is computed as 219 

follows(Mann,1945; Kendall,1975;Mohsin and Gough, 2010)) using Eq. 4 and 5 220 
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           (4)                    221 

𝑠𝑔𝑛(𝑇𝑗 − 𝑇𝑖) = {+1,   𝑖𝑓 𝑇𝑗 − 𝑇𝑖 > 00,   𝑖𝑓 𝑇𝑗 − 𝑇𝑖 = 0−1,   𝑖𝑓 𝑇𝑗 − 𝑇𝑖 < 0        (5) 222 

Where Tj and Ti are the annual values in year j and i, j > i, respectively. 223 

The variance is computed as: 224 

( ( 1)(2 5) ( 1)(2 5))

( )
18

P

i i i

i

n n n t t t

Var S

    



      (6) 225 

Where n is the number of data points, P is the number of tied groups; ti is the number of data 226 

values in the Pth group.  227 

A tied group is a collection of data samples that all have the same value (i.e. they are all tied). 228 

When the sample size is greater than or equal to 30, the standard normal test statistic Zs is 229 

derived from equation 7: 230 

ZS={ 
 𝑆−1√𝑉𝑎𝑟(𝑆) ,   𝑖𝑓 𝑆 > 00,   𝑖𝑓 𝑆 = 0𝑆−1√𝑉𝑎𝑟(𝑆) ,   𝑖𝑓 𝑆 < 0          (7) 231 

Zs statistics follow the standard normal distribution with zero mean and unit variance under 232 

the null hypothesis of no trend. An upward trend is indicated by a positive Zs value, while an 233 

upward trend is indicated by a negative Zs value It is possible to use the normal cumulative 234 

distribution function to calculate the p value for an MK statistic S (Yue and Wang 2002;Neeti 235 

and Eastman, 2011). 236 

 237 

3.2.2 Estimation of the magnitude of the trend Using Sen's Slope Estimator 238 

Sen's slope deals with the estimation of the magnitude of the trend based on the time series data 239 

arranged in order of sequence within a time frame (Sen,1968) using equation 8. 240 

j k

i

x x
T

j k





 for i=1, 2,….., N,        (8)241 

         242 

Where Ti, xj and xk represents the magnitude of trend and the time series data at time j and k 243 

(J>k), correspondingly. 244 

1

1 1

sgn( )
n n

j i

i j i

S T T
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The median of Sen's slope (Qmed) estimator is calculated from the number of time periods (N) 245 

derived from the magnitude of the trend (Ti) from smallest to largest. The Qmed is computed as 246 

 ( 1)/2N
T   for N as odd, similarly 

[ /2] [( 2)/2]

2

N N
T T 

for N as even. 247 

The values of Qmed helps to find the nature of the trend of hydroclimatic parameters. The 248 

positive values show the increasing trend, whereas negative values depict the declining trend 249 

of the variable based on the steepness of the slope. 250 

 251 

3.3 Standard Groundwater Level Index (SGWLI) for Groundwater Drought Analysis 252 

 253 

The groundwater drought is a situation where groundwater sources fail as a direct consequence 254 

of drought (Calow et al.,1999; Bloomfield and Marchant, 2013). Groundwater drought is a 255 

particular type of hydrological drought that occurs when groundwater recharge, heads or 256 

discharge deviate from normal, which leads to the consequences of groundwater supply to 257 

maintain the eco-hydrological process. The observed groundwater level data was collected 258 

from the Central Groundwater Board for the year 21 years from 1996 to 2016, having a total 259 

number of sample points 62,050 based on pre-monsoon, monsoon, post-monsoon (rabi), and 260 

post-monsoon (Kharif). The average annual groundwater level was prepared using the point 261 

data converted into the raster surface using the geostatistical technique of inverse distance 262 

weighted method (Watson,1992;Hasan and Rai, 2020). The statistical values of the sub-basin 263 

were computed using zonal statistics on the GIS platform. Based on the water level index, the 264 

groundwater drought, , which is used to analyse the spatial and temporal stress of groundwater 265 

is defined as  (Bhuiyan, 2000; Tallaksen and van Lanen 2004; Shahid & Kumar, 2010; Halder 266 

et al., 2020) Eq. 9. 267 

 268 𝑆𝐺𝑊𝐿𝐼 = 𝐺𝑊𝐿𝑖,𝑗−𝐺𝑊𝐿𝑗̅̅ ̅̅ ̅̅ ̅̅𝜎𝑗       (9) 269 

Where ,i j
GWL i represents year ranging from 1996-2016 having groundwater level of jth sub-270 

basin; 𝐺𝑊𝐿𝑗̅̅ ̅̅ ̅̅ ̅and 
j , shows long term mean and standard deviation of the particular year having 271 

jth sub- basin respectively. The classification of groundwater drought was done into five classes, 272 

based on the estimated values of standard groundwater level index (SGWLI) as extreme severe 273 

drought >2.00, severe drought>1.50, moderate drought>1.00, mild drought>0.00, and no 274 

drought<0.0 (Bhuiyan, 2000). 275 

 276 
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4. Results and Discussion 277 

The assessment of dynamic groundwater resources in India has been carried out by the 278 

Central Ground Water Board (CGWB) and the concerned State Government authorities 279 

(CGWB, 2012). The dynamic groundwater resources are also known as annual 280 

replenishable groundwater because it is replenished/recharged each year. According to the 281 

latest assessment, the annual replenishable groundwater resource in this region was 282 

estimated at 431 billion cubic meters (BCM) as in March 2009, of which 396 BCM is 283 

considered available for exploitation for various uses after retaining 35 BCM for natural 284 

release during the non-monsoon time for the maintenance of environmental flows in 285 

springs, streams and rivers (CGWB, 2012). The stage of groundwater development in India 286 

for the years 2004,2009 and 2011 was obtained as 58%,61%, and 62%, respectively 287 

(Kulkarni et al., 2018). The assessment water availability per person for the years 2001 and 288 

2011 was 1813𝑚3 and 1545𝑚3 respectively, having the projected demand reduced to 289 

1340𝑚3 and 1140𝑚3 for the year 2025 and 2050 (DoWR-GOI,2019). The accuracy of 290 

NOAH land surface model for the Ganga basin shows Nash Sutcliffe Efficiency (NSE) 291 

more than 0.8 (Prakash Kushwaha et al., 2021).  292 

 293 

1. Yamuna Upper: The Yamuna Upper sub-basin is located between 27° 18' to 31° 25' 294 

north latitudes and 75° 45' to 78° 37' east longitudes in India. Most of the river's 295 

discharge is accounted for by the physiographic and geological characteristics of the 296 

Yamuna Upper sub-basin, which is located in the Himalayan range. On average, this 297 

area gets approximately 1500 mm of rain each year. The Ganga basin's Yamuna Upper 298 

sub-basin has a total catchment of 35,798 square kilometres. Uttarakhand, Delhi, 299 

Himachal Pradesh, Uttar Pradesh, Haryana, and Rajasthan are all part of the sub-basin. 300 

The hydrometeorological analysis of long term data using the M-K test shows the 301 

significant (P<0.05) trend of increasing GWL (mbgl) at 0.29m/year and decreasing 302 

trend of temperature at -0.01 oC/year. The insignificant trend (P>0.05) of precipitation, 303 

evapotranspiration, surface runoff, and water budget having trend magnitude of -1.12 304 

mm/year,-0.21mm/year,0.08mm/year, and -0.45BCM/year, respectively in the Yamuna 305 
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Upper sub-basin (Fig. 7 & 8). The minimum SGWLI values ranges from -1.70 to 306 

maximum 1.36 for the year 1998 and 2014, respectively. The results shows only 307 

moderate drought takes place in this region from 2013,2014,2015, and 2016, having 308 

SGWLI values 1.05,1.36,1.35, and 1.19 respectively (Fig.9). 309 

 310 

2. Above Ram Ganga Confluence: The Above Ramganga Confluence sub-basin is 311 

located between 27° 12' to 31° 28' north latitudes and 77° 47' to 80° 15' east longitudes 312 

in India. This sub-basin includes major rivers such as the Bhagirathi and Alaknanda, as 313 

well as smaller rivers such as the Nayar, Song, and Pinder. In this sub-basin, all of these 314 

rivers join to create the main Ganga river. The catchment of the sub-basin is 39104 315 

square kilometres. It flows across Uttar Pradesh, Uttarakhand, and certain portions of 316 

Himachal Pradesh. Tehri Dam, Koteshwar Dam, and Maneri Dam are all located in this 317 

sub-basin. The annual trend analysis of 72 years using the M-K test reveals that the 318 

significant increasing trend (P<0.05) of runoff, GWL (mbgl) 0.31mm/year, 0.21m/year, 319 

and decreasing trend of temperature and water budget at -0.02oc/year, and -0.78 320 

BCM/year. The insignificant trend (P>0.05) of precipitation and evapotranspiration 321 

having Sen's slope of -1.17mm/year and 0.14mm/year, respectively (Fig.7 & 8). From 322 

1996 to 2016, it is observed only that, etreme severe drought takes place in the year 323 

2005 (SGWLI=2.44), and the year 2009,2012,2016 shows the moderate drought. 324 

2006,2008,2011,2013,2015 shows the mild drought (SGWL>0.00), and rest of the year 325 

shows no groundwater drought (Fig.9). 326 

 327 

3. Upper stream of Gomti: The geographical area of the Upstream of Gomti confluence 328 

to Muzaffarnagar sub-basin is between 24° 52' to 29° 37' north latitudes and 77° 35' to 329 

83° 12' east longitudes of the nation. This is the upstream section of the Gomti River, 330 
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which has a catchment of 29061 square kilometres. The sub-basin is entirely within the 331 

state of Uttar Pradesh. Trend analysis using the M-K test along with Sen's slope was 332 

done to evaluate the nature of hydrometeorological parameters. The results show the 333 

significant (P<0.05) increase in trend of evapotranspiration, runoff, and GWL as 334 

0.99mm/year,0.19mm/year,0.12m/year, and decreasing trend of water budget -335 

0.68BCM/year, respectively. Precipitation shows an insignificant decreasing trend of -336 

0.26mm/year.In the year 2014, it is observed that the extreme severe groundwater 337 

drought takes place (SGWLI=2.06), severe drought in 2014, and moderate drought in 338 

the year 2015 (SGWLI=1.09). Eight different year shows mild drought, and rest of the 339 

other year falls under no groundwater drought condition. 340 

 341 

4. Yamuna Middle: The Yamuna Middle sub-basin is located between 26° 15' to 28° 43' 342 

north latitudes and 75° 51' to 79° 19' east longitudes in India. The Yamuna is the main 343 

river that flows through this sub-basin. The entire catchment of the Yamuna Middle 344 

sub-basin of the Ganga basin is 34,586 square kilometres. The states of Delhi, Haryana, 345 

Rajasthan, and Uttar Pradesh are all included in the sub-basin. Utangan or Banganga, 346 

Gambhir, Bangan, Kasaundi, Jhirha Karwan and Nadi, are some of the other important 347 

rivers in this sub-basin. The M-K test results show the significant (P<0.05) increasing 348 

trend of evapotranspiration (Q=0.69mm/year), temperature (Q=0.01 oC/year), GWL 349 

(0.30m/year), and decreasing trend of water budget (Q=-0.05BCM/year). The 350 

insignificant trend of precipitation having Sen's slope of -0.08 (Fig.7 & 8). The severe 351 

groundwater drought takes place in the year 2016 (SGWLI=1.70), moderate 352 

groundwater drought also takes place in the year 2007,2009,2010,2014,2015 having 353 

SGWLI values greater than unity but less than 1.5. For the year 354 
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2005,2006,2008,2011,2012,2013 shows mild drought (SGWLI>0.00), and rest of the 355 

other years having no groundwater drought. 356 

 357 

Fig.2 Temporal distribution of precipitation from 1948-2019 in sub-basin (mm/year) 358 

 359 

5.  Banas: The Banas sub-basin is positioned between the latitudes 27° 34' north and 24° 360 

15' the longitudes of 73° 24' and 76° 57' east of in the nation. The Banas is the major 361 

river, with the Morel, Berach, and Gambhir as tributaries flowing into the Banas sub-362 

basin. The Ganga basin's Banas sub-basin has a total catchment of 51651 square 363 

kilometres. It flows into the states of Rajasthan and Madhya Pradesh in portions. The 364 

hydrometeorological effects on the sub-basin of Ganga sub-basin using MK-test shows 365 
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the significant increasing (P<0.05) trend of runoff (Q=0.12mm/year), temperature (0.02 366 

oC/year), and groundwater level (0.17m/year). No significant trend was observed for 367 

precipitation (0.69 mm/year) and water budget (-0.11 BCM/year). Banas sub-basin 368 

shows moderate groundwater drought for the consequitive three years 2008,2009,2010, 369 

other eight years are under mild drought, and rest of the years having no groundwater 370 

drought condition (Fig.9). 371 

 372 

6. Ghaghara: The Ghaghara sub-basin is located between the latitudes of 25° 47' to 30° 373 

31' north and the longitudes of 79° 29' to 84° 49' east in the nation. The Ghaghara and 374 

the Sarda rivers, as well as the Rapti and the Little Gandak, are some of the important 375 

tributaries that run through this sub-basin. The Ghaghara river begins nearby 376 

Manasarovar Lake, at the height of 4,800 meters. In Nepal, the river is also recognised 377 

as Manchu and Karnali. The river moves in Nepal after flowing for 72 kilometres in a 378 

south-easterly direction. Ghaghara moves in India at Kotia Ghat nearby Royal Bardia 379 

National Park in Nepal Ganj. Further, it flows for approximately 25 kilometres as the 380 

river Girwa. The Ghaghara river's entire catchment is 1,27,950 square kilometres, with 381 

45 per cent of it falling in India. The Ganga basin's Ghaghara sub-basin has a total 382 

catchment of 58,634 square kilometres. The Sarda River is a major tributary of the 383 

Ghaghara River, which forms a portion of the border between India and Nepal. Other 384 

significant tributaries of the Ghaghara river are the Sarju, Rapti, and Little Gandak. The 385 

Ghaghara river is 1,080 kilometres long before it meets the Ganga river (near Doriganj, 386 

downstream of Chhapra town in Bihar). It flows across portions of Uttar Pradesh, 387 

Uttarakhand, and Bihar. The significant (P<0.05) long term climatic effect was 388 

observed in the Ghaghra sub-basin using the MK-test shows the increasing trend of 389 

GWL (Q=0.08m/year), whereas the decreasing trend of precipitation (Q=-390 
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3.97mm/year) and water budget (Q=-3.82 BCM/year). There is no significant (P>0.05) 391 

was observed for evapotranspiration (Q=0.51mm/year, runoff (Q=0.12mm/year), and 392 

temperature. Ghaghra shows the extreme severe groundwater drought for the year 2005 393 

(SGWLI=2.21), 2006,2010,2011,2012 shows the moderate drought, and rest of the 394 

other years having no groundwater drought (Fig.9). 395 

 396 

7. Ram Ganga: The Ramganga sub-basin is located between the latitudes of 27° 7' to 30° 397 

6' north and the longitudes of 78° 14' to 80° 8' east in India. The Ramganga is the 398 

Ganga's first significant tributary. It climbs to approximately 3,110 meters in the lower 399 

Himalayas near the Lohba village in Uttarakhand's Garhwal district. The Ramganga 400 

river is 596 kilometres long from its source to its confluence with the Ganga. The river 401 

runs through hilly terrain and includes a lot of falls and rapids along the way. The river 402 

joins the plains at Kalagarh, near the Garhwal district's boundary, where the renowned 403 

Ramganga dam was built. The river runs southeast from Kalagarh, eventually joining 404 

the Ganga on its left bank at Kanauj in the Fatehgarh district. The river runs completely 405 

across Uttarakhand and Uttar Pradesh states. The sub-catchment basin's area is about 406 

30,839 square kilometres. The Ban, the Gangan, the Khoh, the Gagas, the Aril, the 407 

Haldgadi Rao, the Kosi, and the Deoha are major tributaries that enter the Ramganga 408 

river. The hydrometeorological parameters of Ghaghra and Ram Ganga shows a similar 409 

trend as the Ghaghra, but the magnitude of Sen's slope is different such as precipitation 410 

(Q=-3.08mm/year), evapotranspiration (-0.16mm/year), runoff (0.07mm/year), water 411 

budget (-1.08BCM/year), and GWL (Q=0.16m/year). Ram Ganga shows the extreme 412 

severe groundwater drought  in the year 2005 having SGWLI value of 2.27. this su 413 

basin also correspond to the moderate, mild and no groundwater drought condition 414 

(Fig.9). 415 
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 416 

8. Yamuna Lower: The Yamuna Lower sub-basin is located between 22° 51' to 28° 1' 417 

north latitudes and 77° 6' to 81° 55' east longitudes in India. In the Yamuna lower sub-418 

basin, the Sind, Dhasan, Betwa, and Ken rivers are the main tributaries. With a total 419 

catchment area of 1,24,867 square kilometres, the Yamuna Lower sub-basin is the 420 

biggest sub-basin in the Ganga basin. The Uttar Pradesh and Madhya Pradesh make up 421 

the majority of the sub-basin. The hydrometeorological analysis of long term data using 422 

the M-K test shows the significant (P<0.05) trend of the increasing trend of 423 

evapotranspiration (Q=0.78mm/year), runoff (0.45mm/year), temperature 424 

(0.01oC/year), whereas decreasing trend of water budget (Q=-3.82 BCM/year). The 425 

insignificant trend (P>0.05) of precipitation (Q=-0.9mm/year) and GWL (Q=0.07 426 

m/year). Yamuna Lower shows the etreme as well as severe groundwater drought 427 

condition for the consequitive year of 2007 and 2008, having SGWLI value of 2.13 and 428 

1.64 respectively. This sub-basin also shows the moderate,mild and no groundwater 429 

drought condition (Fig.9). 430 

 431 

9. Chambal Lower: The Chambal Lower sub-basin is located between the latitudes of 432 

24° 43' to 26° 55' north and the longitudes of 76° 38' to 79° 17' east in the nation. In the 433 

Chambal Lower sub-basin, the Yamuna meets its tributary river, the Chambal. The 434 

Ganga basin's Chambal Lower sub-basin has a total catchment of 10,941 square 435 

kilometres. The Madhya Pradesh state, as well as portions of Rajasthan and Uttar 436 

Pradesh, are drained by the sub-basin. The annual trend analysis of 72 years using the 437 

M-K test reveals that the significant increasing trend (P<0.05) of evapotranspiration 438 

(Q=0.55mm/year) and temperature (Q=0.02oC/year, whereas decreasing trend of water 439 

budget (Q=-0.28BCM/year). There is an insignificant trend observed in Chambal 440 
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Lower of precipitation (-1.07mm/year), runoff (Q=0.06mm/year), and GWL 441 

(0.01m/year). Chambal lower shows moderate groundwater drought for the year 442 

2002,2003, and 2007 having SGWLI>1, while rest of the seven years shows mild 443 

drought, and eleven different years shows no groundwater drought condition (Fig.9). 444 

 445 

10. Kali Sindh: The Kali Sindh and Others up to Confluence with Parbati sub-basin are 446 

situated in Pakistan between 22° 33' to 26° 3' north latitudes and 75° 15' to 77° 23' east 447 

longitudes. The main rivers in this sub-basin are the Kali Sindh and Parbati, which 448 

converge at the Banas River, a feeder of the Yamuna. The sub-basin of the Ganga basin 449 

has a catchment of 48492 square kilometres. It runs through the states of Madhya 450 

Pradesh and Rajasthan. Trend analysis using the M-K test along with Sen's slope done 451 

to evaluate the nature of hydrometeorological parameters, shows a significant 452 

increasing (P<0.05) trend of runoff (Q=0.7mm/year), and temperature 453 

(Q=0.02oC/year), whereas insignificant trend (P>0.05) of precipitation 454 

(Q=0.22mm/year), evapotranspiration (Q=0.42mm/year), water budget (Q=-455 

0.47BCM/year), and GWL (Q=-0.07). Kali Sindh shows the two extreme severe 456 

groundwater drought for the year 2002, and 2003 having SGWLI of 2.29, and 2.67 457 

respectively. Moderate groundwater drought found in the year 2004 and 2005, another 458 

different years shows mild and no drought condition (Fig.9). 459 

 460 

11. Chambal Upper: The Chambal Upper sub-basin is located between the latitudes of 461 

22° 25' to 25° 5' north and the longitudes of 74° 49' to 76° 12' east in the nation. The 462 

Chambal is the main river in the lower sub-basin of the Yamuna. The Ganga basin's 463 

Chambal Upper sub-basin has a total catchment of 25,546 square kilometres. The sub-464 

basin drains typically in the states of Madhya Pradesh and Rajasthan. The Sipra or 465 
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Kshipra river, Chamla river, Gangi Nadi, and Retam Nadi, to mention a few, all drain 466 

into this sub-basin. Yashvant Sagar (Corporation) Dam, Rana Pratap Sagar Dam, and 467 

other important dams are located in this sub-basin. The hydrometeorological 468 

parameters of Kali Sindh and Chambal Upper show a similar trend, but the magnitude 469 

of Sen's slope different as a significant increase (P<0.05) in runoff (Q=0.92mm/year), 470 

and temperature (Q=0.01oC/year), whereas insignificant (P>0.05) trend was observed 471 

in precipitation (Q=-0.02mm/year), evapotranspiration (Q=-0.01mm/year), water 472 

budget (Q=-0.2BCM/year), and GWL (Q=0.02m/year). Chamal Upper also correspond 473 

to two different extreme severe groundwater drought for the 2001 and 2003, and severe 474 

drought in the year 2002 (SGWLI=1.67). Rest of different years hows mild as well as 475 

no drought condition (Fig.9). 476 

 477 

12. Gomti: The Gomti sub-basin is located between the latitudes of 25° 25' to 28° 40' north 478 

and the longitudes of 79° 59' to 83° 14' east in the nation. The Gomti river begins at 479 

Mainkot, about 3 kilometres east of Pilibhit, Uttar Pradesh, at the height of 200 meters, 480 

and flows for around 940 kilometres. Between the Ramganga and Ghaghara systems, 481 

the river drains the region. The Ganga basin's Gomti sub-basin has a total catchment of 482 

29,865 square kilometres. The sub-basin is entirely within the state of Uttar Pradesh. 483 

Before merging with the Ganga at Audihar, Jaunpur, the river runs through 484 

Shahjehanpur, Lucknow, Kheri, Barabanki, Faizabad, Sultanpur, Varanasi, Jaunpur, 485 

and Ghazipur districts. Lucknow, Uttar Pradesh's capital, is located on the banks of the 486 

Gomti River. The Gachai, the Jomkai, the Sai, the Barna, the Saryu, the Chuha, the 487 

Kalyani, the Giri, and the Kathna are just a few of the important rivers that run through 488 

this sub-basin. The significant (P<0.05) long term climatic effect was observed in the 489 

Gomti sub-basin using MK-test shows an increasing trend of GWL (Q=0.09m/year) 490 
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and decreasing trend of water budget (Q=-1.09BCM/year). Results also shows that 491 

there was no significant trend (P>0.05) found in precipitation (Q=-1.29mm/year), 492 

evapotranspiration (Q=0.18mm/year), runoff (Q=0.18mm/year), and temperature 493 

(0.01oC/year). Gomti shows the severe drought for the year 2014, and 2016, and 494 

moderate, mild and drought condition for different year (Fig.9). 495 

 496 

13. Ghaghara and Gomti Convergence: The Ghaghara and Gomti Convergence sub-497 

basin are located in the nation between 24° 34' to 26° 48' north latitudes 81° 34' to 84° 498 

47' east longitudes and. The Gomti and Ghaghara rivers flow into the main Ganga river 499 

in this sub-basin. The Banas Nadi, the Durgauti Nadi, the Chhoti Sarju, the Gomati, the 500 

Karamnasa, the Kao Nadi, and the Majhoi are just a few of the rivers that flow through 501 

this sub-basin. The Ganga basin's Ghaghara sub-basin has a total catchment of 26,254 502 

square kilometres. It flows into the states of Bihar and Uttar Pradesh. The significant 503 

(P<0.05) long term climatic effect was observed in Ghaghra sub-basin using MK-test 504 

shows the increasing trend of evapotranspiration (Q=1.44mm/year), runoff 505 

(Q=0.34mm/year), GWL (Q=0.06m/year), and decreasing trend of water budget (Q=-506 

0.62BCM/year). The insignificant trend was observed in the Ghaghra Gomti 507 

Confluence shows that precipitation (Q=0.73mm/year) and temperature (Q=0.01 508 

oC/year). This sub-basin only shows the moderate,mild and no groundwater drought 509 

condition (Fig.9). The minimum and maximum SGWLI value ranges from -1.77 to 510 

1.43. 511 

 512 

14. Tons: The Tons sub-basin is located between the latitudes of 23° 58' and 25° 17' north 513 

and the longitudes of 80° 18' and 83° 20' east in the nation. The Tons, the main river in 514 

this sub-basin, is the Yamuna's longest tributary. It runs across Garhwal, Uttarakhand's 515 
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Himalayan westernmost region. The river rises at 3,900 meters above sea level and 516 

meets the Yamuna below Kalsi. It is the Yamuna's largest tributary, with its source on 517 

the 6,315-meter-high Banderpoonch Mountain. Tons carry more water than the 518 

Yamuna. It drains mostly across Madhya Pradesh and portions of Uttar Pradesh, with 519 

a total catchment of 16,905 square kilometres. The Satna and Belan rivers, in addition 520 

to the Tons, are important rivers in this sub-basin. The M-K test results show the 521 

significant (P<0.05) increasing trend of evapotranspiration (Q=1.26mm/year), runoff 522 

(Q=0.42mm/year), and temperature (Q=0.01 oC/year). No significant (P>0.05) results 523 

were observed for precipitation (Q=0.54mm/year),water budget (Q=-0.38 BCM/year), 524 

and GWL (Q=0.07m/year). Tons shows the two severe groundwater drought condition 525 

for the year 2007, and 2008 having corresponding SGWLI values of 1.97, and 1.85. it 526 

also shows moderate,mild and no groundwater drought condition (fig.9). 527 

 528 

15. Son: The Sone sub-basin is located between the latitudes of 22° 40' to 25° 42' north and 529 

the longitudes of 80° 6' to 85° 4' east in the nation. The Sone, the principal river in this 530 

sub-basin, is an important Ganga right bank tributary. The river begins at the height of 531 

600 meters in Sonbhadra, Madhya Pradesh, in the Maikala range of mountains. The 532 

basin's entire catchment is 65,110 square kilometres. The Sone and Mahanadi rivers, 533 

the Rihand, the Kanhar, the Banas, the Gopat, the Ghaghar, and the North Koel are all 534 

significant tributaries of the Sone River. The river's entire length is 784 kilometres, with 535 

approximately 82 kilometres in Uttar Pradesh, 500 kilometres in Madhya Pradesh, and 536 

the rest 202 kilometres in Bihar. The river flows into the Ganga approximately 16 537 

kilometres upstream of Dinapur in Bihar's Patna district. The states of Uttar Pradesh, 538 

Bihar, Jharkhand, Chhattisgarh, Madhya Pradesh and make up the sub-basin. The 539 

significant (P<0.05) long term climatic effect was observed in the Son sub-basin using 540 
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MK-test shows an increasing trend of evapotranspiration (Q=1.26mm/year), runoff 541 

(Q=0.37mm/year), GWL (Q=0.07m/year). Precipitation and temperature show the 542 

insignificant trend in the Son sub-basin of the Ganga river system. For the year 2010, 543 

Son sub-basin shows the extreme severe groundwater drought having SGWLI value of 544 

2.02. It also shows severe,moderate, mild and no groundwater drought condition. 545 

 546 

16. Gandak and others: The Gandak and others sub-basin are located in the nation 547 

between 24° 0' to 27° 23' north latitudes and 83° 41' to 87° 44' east longitudes and. The 548 

Gandak and Punpun rivers, as well as the Baya, Mohana, Dhadhar, Sakri, Harohar, 549 

Kiul, Badua, Painiar, Phalgu, Dardhu, Dardha, and Morhar, are some of the important 550 

rivers that run through this sub-basin. The Ganga basin's Gandak and other sub-basin 551 

has a total catchment of 56260 square kilometres. It flows across Bihar, Jharkhand, and 552 

portions of Uttar Pradesh. The hydrometeorological analysis of long term data using 553 

the M-K test shows the significant (P<0.05) increasing trend of evapotranspiration 554 

(Q=1.01mm/year) runoff (Q=0.44 mm/year), temperature (Q=0.01oC/year), GWL 555 

(Q=0.05 m/year), and decreasing trend of water budget (Q=-2.15 BCM/year). An 556 

insignificant trend was observed for precipitation (Q=-0.15mmyear). The SGWLI 557 

values ranges from -1.53 to 2.36 represents the no groundwater drought to extreme 558 

groundwater drought condition (Fig.9). 559 

 560 

17. Kosi: The Kosi sub-basin is located between 25° 25' to 26° 48' north latitudes and 85° 561 

to 87° 21' east longitudes of the nation. The Kosi is a significant branch of the Ganga 562 

River, which originates in the Himalayas at an altitude of 7,000 meters. The Kosi River 563 

has a total drainage area of 74,500 square kilometres, of which is 11,000 square 564 

kilometres in India. Nepal and Tibet account for almost 80% of Kosi's catchment area. 565 
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Approximately 77 per cent of the land is cultivated. The Kosi basin has a total 566 

catchment of 95,156 square kilometres, including 18,413 square kilometres in India. 567 

The Bagmati, the Balan, the Kareha, the Lakhandal, and the Kamla, are some of the 568 

important rivers flowing in this sub-basin, in addition to the main river, the Kosi and 569 

the Adhwara. The sub-basin is entirely within the state of Bihar. Because of the regular 570 

floods of the Kosi River, the river is also known as the 'Sorrow of Bihar'. The M-K test 571 

for the Kosi sub-basin shows the remarkable significant (P<0.05) trend of the increasing 572 

trend of evapotranspiration (Q=1.57mm/year), runoff (Q=0.39mm/year), temperature 573 

(Q=0.02 oC/year), GWL (Q=0.04m/year), whereas the decreasing trend of precipitation 574 

(Q=-2.63mm/year), and water budget (Q=-1.05 BCM/year). The SGWLI for the sub-575 

basin Kosi ranges from -1.38 to 2.07 reprenting no groundwater drought to the extreme 576 

severe drought condition (Fig.9). 577 

 578 

18. Damodar: The Damodar sub-basin is located between the latitudes of 21° 44' to 24° 579 

25' north and the longitudes of 84° 35' to 88° 20' east in India. The Ganga basin's 580 

Damodar sub-basin has a total catchment of 41965 square kilometres. The Damodar is 581 

the major river, with the Usri, Barakar, and Kasai as tributaries flowing into the 582 

Damodar sub-basin. Jharkhand and West Bengal are the states where it flows. The 583 

hydro-meteorological effects on the Damodar sub-basin of Ganga using MK-test shows 584 

the significant increasing (P<0.05) trend of precipitation (Q=4.37mm/year), 585 

evapotranspiration(Q=2.68mm/year), runoff(0.81mm/year), temperature 586 

(0.01oC/year), GWL (0.07m/year), whereas insignificant (P>0.05) trend of water 587 

budget (-0.1 BCM/year). Damodar sub-basin shows the wide range of SGWLI from -588 

1.36 to 2.72, having all the aspect of groundwater drought as well as no drought 589 

condition. 590 
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 591 

19. Bhagirathi and others (Ganga Lower): The Bhagirathi and others (Ganga Lower) 592 

sub-basin is located in the nation between 21° 39' to 26° 56' north latitudes and 86° 7' 593 

to 89° 28' east longitudes. The main Ganga empties into the Bay of Bengal via this sub-594 

basin. The Hoogly, the Jamuna, the Gumani, the Balason, the Dwarka, the Mayurakshi, 595 

the Bhagirathi, and the Mahananda are only a few of the drains in the sub-basin. The 596 

Ganga basin's sub-basin has a total catchment of 64038 square kilometres. Bihar, 597 

Jharkhand, and West Bengal are the states where it flows. The yearly long term analysis 598 

of hydrometeorological parameters, including in situ GWL data, were analysed using 599 

the M-K test to analyse the upward and downward trend. The results of Bhagirathi 600 

(Lower Ganga) shows the significant P<0.05) upward trend of precipitation 601 

(Q=3.51mm/year), evapotranspiration(Q=2.6mm/year), runoff(Q=1.52mm/year), 602 

temperature (Q=0.01 oC/year), whereas water budget shows the insignificant downward 603 

trend having sen's slope of -1.13BCM/year. The minimum and maximum range of 604 

SGWLI for the Bhagirathi sub-basin was observed in the year of 1996 and 2014 605 

respectively, it also acts as the discharge point of the Ganga after flowing to such a long 606 

path into the Bay of Bengal (Fig.9). 607 

 608 
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 609 

Fig.3 Temporal distribution of evapotranspiration from 1948-2019 in sub-basin (mm/year) 610 

 611 

 612 

 613 

 614 

 615 

 616 
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 617 

Fig.4 Temporal distribution of surface runoff 1948-2019 in sub-basin (mm/year) 618 

 619 

 620 
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 621 

 622 

Fig.5 Temporal distribution of temperature 1948-2019 in sub-basin (oC/year) 623 

 624 

 625 

 626 
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 627 

Fig.6 Temporal distribution of water budget 1948-2019 in sub-basin (mm/year). 628 

 629 

 630 
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 631 

Fig. 7 Spatial distribution of long term trend and hydrometeorological parameters: (a) 632 

precipitation (mm), (b) evapotranspiration (mm), (c) runoff (mm), (d) water budget (mm), (e) 633 

groundwater level (mbgl), and (f) temperature (oC) 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 
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 642 

Fig.8 Distribution of Sen’s slope (Q), for Q_Rainf (mm/yr), Q_Evap (mm/yr), Q_Qs 643 

(mm/yr), Q_Temp (0C/yr), Q_WB (BCM/yr), and Q_GWL (m/yr) 644 

 645 
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 646 

 647 

Fig.9 Sub- basin characterisation of Standard Groundwater Level Drought Index (SGWLI) 648 

 649 

Table 1  Groundwater drought in the sub-basin of Ganga using in-situ data 650 

 651 
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 652 

 653 

5. Conclusion  654 

 655 

In this study, we have evaluated the hydrometeorological parameters for the 19 sub-basin, and 656 

have attempted to identify the major parameters influencing groundwater availability in the 657 

region. The non-parametric MK-Test along with Sen’s slope estimate was done on the 658 

hydrometeorological data from the year 1948 to 2019 for 72 years.The hydrometeorological 659 

analysis of water budget including in-situ based monitoring well used to determine 660 

thegroundwater drought, shows the groundwater stress. Most of the results shows the statistical 661 

significant declining trend of water budget. It is also observed that the hydrometeorological 662 

extremes also increases leading to groundwater drought.Water storage and groundwater flow 663 

analyses in regional studies are guided by hydrometeorology, topography, land use pattern, and 664 

morphometry.  665 

Sub-Basin 

ID
Sub-Basin

Extreme 

Severe 

Drought

Severe 

Drought

Moderate 

Drought

Mild 

Drought

No 

Drought

1 Yamuna Upper 4 10 7

2 Above Ram Ganga Confluence 1 3 6 11

3 Upper stream of Gomti 1 1 1 8 10

4 Yamuna Middle 1 4 6 9

5 Banas 3 8 10

6 Ghaghra 1 4 4 12

7 Ram Ganga 1 3 7 10

8 Yamuna Lower 1 1 2 6 11

9 Chambal Lower 2 1 7 11

10 Kali Sindh 2 8 11

11 Chambal Upper 2 1 5 13

12 Gomti 2 2 7 10

13 Ghaghra Gomti Confluence 4 7 10

14 Tons 2 4 2 13

15 Son 1 1 1 7 11

16 Gandak 1 2 6 12

17 Kosi 1 1 1 6 12

18 Damodar 1 1 2 5 12

19 Bhagirathi 1 2 2 3 13
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In India's water sector, inequitable water access, poor water quality, unsustainable use of 666 

groundwater, particularly in agriculture, and weak governance are some of the major concerns 667 

(http://ioraecological.com). The National Water Policy (NWP,2012) emphasised water 668 

allocation's ecological and environmental implications. There was a focus on using 669 

hydrological units and taking into account quality, quantity, and environmental factors when 670 

making water resource decisions. According to the 2016 draught of the National Water 671 

Framework (NWF) Bill, which embodies the principles of water protection, conservation, 672 

regulation, as well as management, legal and executive action on water is permitted at all levels 673 

of government. 674 
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