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A B S T R A C T   

Research on groundwater and water resources is essential for preserving viable environments. 
Although the arid area has been identified as a significant hotspot for groundwater depletion, the 
Indian desert region was not included in the initial analysis. This study intends to evaluate 
Rajasthan’s groundwater level (GWL) and rainfall trends from 2000 to 2021 and how variations 
in GWLs are related to long-term rainfall. Annual GWL and rainfall data time series were collected 
from 921 monitoring stations for 33 districts of Rajasthan. The GWL trends and rainfall were 
identified using non-parametric modified Mann-Kendall test and Spearman rho techniques. 
Pearson’s, Kendall’s (tau b), and Spearman’s analyses were used to determine the correlation 
between GWL and rainfall. The results from the modified Mann-Kendall and Spearman rho 
methods reveal that GWL has a significant declining trend in 38 % of districts, where 13 % have 
no trend, and the rest of 49 % have a rising trend. The yearly rainfall trend at 70 % and 30 % of 
the districts are rising and stable, respectively. A negative correlation between GWL depth and 
rainfall was discovered in each district, where 15 % are firm, 58 % are moderate, and 27 % are 
weak negative correlations. Also, the regression analysis estimates the effect of rainfall on GWL, 
which was observed: rainfall negatively influenced the depth of GWL at 58 % of the districts, had 
a positive impact at 33 %, and others had no effect. GRACE TWS anomaly shows a decreasing 
trend of − 1.22 cm/yr, and GRACE and GWL anomalies have a positive relationship (r = 0.471). 
Results conclude that rainfall is the primary influencer on GWL in this semi-arid region vulnerable 
to drought.   

1. Introduction 

Groundwater, the primary source of fresh water, is highly vulnerable to depletion from both natural and human-made sources [1]. 
Extreme fluctuations in rainfall and temperature, evapotranspiration, a decline in snow packs, rising seas, and artificial aquifer 
exploitation all impact aquifer replenishment and outflow [2]. In arid and semi-arid parts worldwide, in contrast to geological and 
human influences, rainfall intensity determines changes in groundwater levels [3]. Rainfall is the primary input to the world’s hy-
drological cycle and a vital indicator of the availability of groundwater resources [4]. Such fluctuations and changes in rainfall 
substantially impact the availability of water resources in aquifer systems that receive significant recharge from rainfall [5]. Around 
37 % of the water utilized in homes and businesses comes from groundwater. Almost 42 % of the water used for irrigation is 
groundwater, while 90 % of the rural population receives drinking water from it [4]. India’s high population density is increasing 
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strain on the land and water resources. In both rural and urban regions, groundwater is the leading and preferred source of drinking 
water, providing 80 % of all drinking water needs and 50 % of all agricultural needs in rural India [6,7]. The thermodynamic properties 
of groundwater and rainfall demonstrate that rainfall is the primary source of groundwater replenishment in northwest India [8,9]. 
The greatest challenge is the failure to comprehend the relationship between rainfall and groundwater level. Hence, it is essential to 
ascertain how groundwater levels respond to rainfall. 

Groundwater levels have fallen in many nations [10], and aquifers have been overused in arid and semi-arid regions because 
natural replenishments cannot keep up with groundwater withdrawals [11,12]. Total worldwide groundwater depletion has risen in 
sub-humid to dry places from 126 to 283 km3/a from 1960 to 2000 [13]. Over 35 % of the global population (2 billion people) is 
projected to experience significant water stress [14], with the majority living in South Africa, the Central United States, Australia, 
western and southern parts of Asia, and North East China [15]. Various aquifers in India are under water stress [16]. Northwestern 
India’s groundwater storage was drastically reduced from 2002 to 2010 by around 32 km3 pre-monsoon and 25 km3 post-monsoon 
periods [17]. The western portion of the Ganges-Brahmaputra aquifer systems also contains stressed groundwater aquifers [18]. 
The depletion of water storage in northern India is estimated by the Gravity Recovery and Climate Experiment satellite to be 19.2 (±1.1) 
km3/yr [19]. In India, there is a much regional variation in groundwater depletion. Most CGWB (Central Ground Water Board) 
observation wells located above 23◦ north revealed a considerable reduction in groundwater level between 1996 and 2013 of around 
15–25 cm per year [20]. In the six years from 2002 to 2008, groundwater storage in Northwest India decreased by over 109 km3; this is 
more than four times larger than the largest artificial aquifers in the United States [21], with the water table dropping more than 1 m 
each year and exceeding 20 m [22,23]. Asoka et al. [20] found a negative trend of 2 cm/yr for groundwater anomalies in much of north 
India from 2002 to 2013. Meghwal et al. [24] examined Rajasthan’s 4.17 km3/y groundwater loss. One apparent measure of the impact 
of rainfall cycles is the long-term trend in groundwater level. It is anticipated that monsoon rainfall will rise by 10–15% in many parts 
of India. In contrast, precipitation will simultaneously decrease by 5–25% in drought-prone central and northern India [25]. In 
Rajasthan, India, the average annual rainfall has declined by 50 mm during the past 35 years (1973–2008) [26]. Even though the 
average rainfall in northwest India in 2010 was below the long-term average, it was insufficient to replenish the groundwater entirely 
[27]. 

Most of the researchers observed only the trend in groundwater levels over the world [13,28–33] and in different regions in India 
[21,29,34,35], especially in Gujarat [36], in Madhya Pradesh [37], in Tamil Nadu [38], in Jharkhand [31]. Numerous kinds of 
research have examined the consequences of changes in groundwater levels brought on by irrigation [39–42] in India [5,34,39]. Only a 
few studies have linked changes in rainfall to changes in groundwater levels globally [4,43] and in India [20,44–46]. Sing and Kumar 
[26] evaluated the relationship between climatic variability and groundwater. Nevertheless, the literature review reveals that no 
previous studies have been conducted on rainfall response to groundwater level trends in a desert area where less groundwater is 
extracted for anthropogenic purposes. Generally, it can be argued that little research has been done to evaluate the groundwater levels 
and rainfall trends in northwestern India. This present study observed short-term groundwater levels and rainfall changes in 
semi-desert Rajasthan in India. Also, some studies used GRACE products for water storage monitoring in western India [24,47,48]. 
Still, these studies never utilized the entire period due to the significant effort required for data collection and compilation. Otherwise, 
few researchers in Rajasthan used GRACE products along with in situ monitoring data, but they used fewer monitoring stations [24]. 
Together with in situ monitoring data, we used average data from several GRACE satellite data products to lower inter-product un-
certainty and evaluate spatiotemporal fluctuations in TWSA and GWSA throughout the whole time (March 2002–October 2017). 

Yue et al. [49] used Mann-Kendall (MK) and Spearman’s rho tests to detect monotonic trends in Canada’s hydrological series. 
However, the previous studies in this region used a single method to observe the trend in groundwater level or rainfall, either its 
Mann-Kendall test [30,35,37,38,45] or Spearman’s rho test [50]. The present study first used the modified MK test and Spearman’s rho 
test to detect the trend in the groundwater level and annual rainfall. The previous research on the relationship between groundwater 
level and rainfall used automated time-series approaches worldwide [51–53]. Nevertheless, the present study used several methods to 
observe the correlation between groundwater level and rainfall in Rajasthan, India. Applying different statistical approaches to 
detecting trends and understanding the responses of environmental variables is crucial [54]. Therefore, a thorough understanding of 
groundwater level trends with regard to rainfall variability and changes in terrestrial and groundwater storage is helpful in managing 
groundwater sustainably in semi-arid and arid locations. But the previous studies did not evaluate the GWL trend with rainfall 
variability and terrestrial and surface water changes variability. The present study attempts to fulfil this research gap. The novelty of 
this present work is that this study used a modified MK test with other non-parametric tests and innovative trend analysis to detect the 
GWL and rainfall trend using a large number of monitoring stations, used multiple models to evaluate the correlation between GWL 
and rainfall, and used the full period of GRACE products from several sources to assess spatial variation in water storage. The 
Generalized Three Concerned Hat (GTCH) technique was employed in this work to quantify the uncertainty related to various 
GRACE-derived TWSA datasets. 

The objectives of this present study are: (a) to evaluate groundwater level and rainfall trends in Rajasthan from 2000 to 2021 by the 
modified MK test and Spearman rho approaches, (b) to determine the correlation between groundwater level and rainfall by Pearson’s, 
Kendall’s (tau b), and Spearman’s methods, and (c) to assess the water storage anomalies using GTCH model. In this study, the Inverse 
distance weighting (IDW) interpolation was used to depict the spatial distribution of trend, TWS anomalies, and correlation between 
GWL and rainfall. 
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2. Sources of data and methods 

2.1. Geological and hydrogeological summary of the area of study 

The state of Rajasthan, which is the second-largest in India, is located at its southernmost point along the Tropic of Cancer, which 
runs between 23◦30′ and 30◦12′ N latitude and 69◦30′ and 78◦17′ E longitude (Fig. 1). With an average annual precipitation of 480.78 
mm, the region has a predominantly arid and semi-arid continental climate. Monthly temperature fluctuations range from 23.0 to 
30.8 ◦C [55]. Most of this region is covered by bare soils and deserts (Fig. 1), and nearly 58% of this area is occupied by the Thar Desert 
[26]. The Thar Desert and the Aravalli Range almost entirely cross the state from southwest to northeast, their two most notable 
geographical characteristics. The area’s water balance exhibits a meager recharging rate throughout the rainy season. The region’s soil 
contains a very high percentage of copper and fluoride, a total annual net recharge coefficient of just 0.04 %, high salinity, and high 
hardness [56]. The region is typified by an aquifer composed of hard rock beneath alluvium. There are areas of hydraulic continuity in 
both aquifer types. The Baswa-Bandikui watershed in the northwest Indian state of Rajasthan has "overexploited" its groundwater 
supplies, resulting in a steadily declining groundwater level [57]. 

This state includes 33 districts, i.e. Ajmer, Alwar, Banswara, Baran, Barmer, Bharatpur, Bhilwara, Bikaner, Bundi, Chittaurgarh, Churu, 
Dausa, Dhaulpur, Dungarpur, Ganganagar, Hanumangarh, Jaipur, Jaisalmer, Jalor, Jhalawar, Jhunjhunun, Jodhpur, Karauli, Kota, Nagaur, 
Pali, Pratapgarh, Rajsamand, Sawai Madhopur, Sikar, Sirohi, Tonk, and Udaipur. 

Rajasthan’s principal rivers include the Loni (which rises in the Nag Hills near Ajmer), the Ghagar (originates in Haryana), the 

Fig. 1. Location and land cover of the study area.  
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Chambal, and its tributaries, including the Kali Sindh, Banas, and Parwati. The other rivers in the state are the Mahi and the Banganga. 

2.2. Data sources 

Annual time series (2000–2021) of groundwater level and rainfall data collected from the National Water Informatics Centre (NWIC), 
Ministry of Water Resources, River Development & Ganga Rejuvenation, India. This data was observed at a total of 921 monitoring stations. 
28 stations located in Ajmer, 30 in Alwar, 34 in Banswara, 19 in Baran, 39 in Barmer, 29 in Bharatpur, 36 in Bhilwara, 41 in Bikaner, 12 
in Bundi, 23 in Chittaurgarh, 24 in Churu, 16 in Dausa, 14 in Dhaulpur, 16 in Dungarpur, 39 in Ganganagar, 22 in Hanumangarh, 101 
in Jaipur, 59 in Jaisalmer, 21 in Jalor, 25 in Jhalawar, 12 in Jhunjhunun, 45 in Jodhpur, 18 in Karauli, 16 in Kota, 18 in Nagaur, 24 in 
Pali, 27 in Pratapgarh, 9 in Rajsamand, 18 in Sawai Madhopur, 33 in Sikar, 15 in Sirohi, 20 in Tonk, and 38 in Udaipur. 

Grubb’s test [75] used to detect the outlier in well data. Then, outlier was removed and monitoring station-wise GWL data was 
compiled for each district. 

3. Methods 

The present study used modified MK and Spearman’s rho test for GWL and rainfall trend detection. The MK test [58,59] has been 
frequently employed in water resources and climatic research to measure the trend in a time series of data [29]. The Spearman partial 
rank correlation (SPRC) test was devised by Helsel and Hirsch in 1992 as a trend test [60]. The Innovative Trend Analysis (ITA) was also 
used to assess the time series GWL data. The main advantage of the IAA over the MK test is that it doesn’t depend on any assumptions 
about sample sizes, serial correlation, or non-linearity [62]. The correlation between GWL and rainfall was identified through Pearson’s 
correlation coefficient, Kendall’s tau_b, and Spearman’s (p) models. The Kendal rank correlation coefficient assesses how similar two sets of 
rankings assigned to the same collection of objects are to one another, which is a valuable metric for determining the relationship 
between two variables [37]. To assess monotonic connections between causative variables and identify those that are highly linked 
with one another, Spearman’s rho was utilized [28]. Pearson correlation coefficient techniques determine the relationship between 
various parameters [61]. Regression analysis, a statistical method used to investigate linear associations, was also used in this study to 
estimate the effect of rainfall on GWL. This present study used the GTCH approach [48] to compare several GRACE products (CSR, GFZ, 
JPL, CSR-M, and JPL-M) in order to assess the quality of the TWSA series. The spatial distribution of average GWL and rainfall and their 
trend and correlation behind them over the study area was mapped using a geostatistical Inverse Distance Weighted (IDW) interpolation 
in ArcGIS with a 1.5 × 1.5 km gridded spatial resolution. The root means square error (RMSE) is used to validate the models’ 
performance. 

3.1. Modified MK test 

The non-parametric Mann-Kendall test is less sensitive to sudden pauses due to the homogeneous time series and does not need the 
data to be normally distributed [32,33]. MK trend test based on the S statistic [30] is given as (Eq. (1)): 

The S=
∑n− 1

b=1

∑n

a=b+1
Sign(na − nb) (1) 

The first step in the Mann-Kendall test for a time series n1, n2, n3,… nn of length n is to compute the indicator function Sign (na − nb)

such that (Eq. (2)) [38]: 

Sign (na − nb)=

⎧
⎨

⎩

+1 if (na − nb) > 0
0 if (na − nb) = 0
− 1 if (na − nb) < 0

⎫
⎬

⎭
(2) 

Next, we compute the variance of the above quantity (Eq. (3)) similarly to Patle et al. [29]. 

Var(S) =
[(2n(n − 1)n+ 5)] −

∑m

i=1
ti(ti − 1)(2ti − 5)

18
(3) 

‘t’, in this instance, stands for the range of any fictitious tie between sample locations. The total of all connections is shown by the 
∑

t. Consequently, the sample size exceeds 10, and the regular standard input ‘Z’ value is estimated by Eq. (4). 

Z=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

S − 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(S)

√ if S > 0

0 if S = 0
S+ 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(S)

√ if S < 0

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(4) 

Eq. (5) is used to compute the modified variance [63]. 
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Var (S)∗ =Var (S) ×
n
n∗

(5)  

n
n∗ represents the modified coefficient of autocorrelated data (Eq. (6)), and rk represents the autocorrelation coefficient of kth. 

The autocorrelation coefficient (Eq. (7)) of kth is represented by rk. In constant the modified coefficient of autocorrelated data is 
denoted by n

n∗ (Eq. (6)) [32]. 

n
n∗

= 1 +
2

n(n − 1)(n − 2)
×
∑n− 1

k− 1
(n − k)(n − k − 1)(n − k − 2)rk (6)  

rk =
1

n− k
1
n

×

∑n− k
i=1 (xi − x− )(xi + k − x− )

∑n
i=1(xi − x− )2 (7) 

According to Luo et al. [64], an upward trend is indicated by a positive value of (S*), whereas a negative value indicates a 
downward trend. With a 95 % confidence level, the current study’s significance threshold was α = 0.05. If |S*| > 1.96, the null hy-
pothesis of no trend is rejected at the 95 % significance level. 

3.1.1. Kendall’s tau_b 
The Kendall Tau-b is more useful for assessing short-term trends in homogenous data [65]. The Kendall Tau-b coefficient is described 

as follows Eq. (8) [66]: 

Tau b=
nc − nd

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(n0 − n1) − (n0 − n2)

√ (8)  

Here. 

n0 = n(n − 1)/2. 
n1 =

∑
ti(ti − 1)/2. 

n2 =
∑i

juj(uj − 1)/2. 
nc = concordant pairs present 
nd = discordant pairs present 
ti = in the ith group of ties for the initial quantity, the number of tied values 
uj = for the second quantity, the number of tied values in the jth set of ties 
Tau-b values vary from − 1 (perfect inversion or 100 % negative association) to +1 (perfect agreement or 100 % positive associ-
ation). The absence of connection is indicated by a zero-value [67]. 

3.1.2. Spearman’s rank correlation 
The degree of statistical reliance was determined using Spearman’s rank, a non-parametric measure [68]. The formula for 

Spearman’s rank coefficient is (Eq. (9)) [69]. 

Spearman’s rank correlation coefficient (rho)= 1 −
6
∑
d2
i

n(n2− 1)
(9)   

di = variation between each observation’s two rankings 
n = total observations number 

If there are tied values, Eq. (10) is used to detect trends [49]. 

rhos =
(n3 − 3) −

∑n

i=1
d2
i −

∑
Tx −

∑
Ty

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[(
n3 − 3

6

)

− 2
∑
Tx
][(

n3 − 3
6

)

− 2
∑
Ty
]√ (10)  

Where, 
∑

Tx and 
∑

Ty are calculated from Eq. (11) and Eq. (12). 

∑
Tx =

∑g

j=1

(
t3j − tj

)

12
(11)  

∑
Ty =

∑g

j=1

(
t3j − tj

)

12
(12) 
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The range of values for the Spearman rank correlation is +1 to − 1 [50], where.  

• A value of +1 indicates a perfect rank relationship  
• If a value is 0, there is no correlation between rankings  
• A complete negative rank correlation is represented by a value of − 1. 

In essence, it measures the monotonicity of the connection between two variables or the degree to which a monotonic function can 
adequately describe the relationship [69]—correlation between two variables also calculated by these equations (Eq. 9, Eq. (10)). 

The calculated value exceeds the critical value at α = 0.05, so the trend is significant at the 95 % probability level. 

3.1.3. Pearson’s correlation coefficient 
Pearson’s Correlation Coefficient formula follows (Eq. (13)) [61]. 

Pearson’s Correlation Coefficient (r)=
n(

∑
ab) − (

∑
a)(

∑
b)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[n
∑

a2 − (
∑

a2]
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[

n
∑

b2 −
( ∑

b2]
√ (13)  

Here. 

n = number of the pairs 
∑

ab = the sum of the paired stocks’ products 
∑

a = the total a scores 
∑

b = the total b scores 
∑

a2 = the total of the a-squared scores 
∑

b2 = the total of the b-squared scores 

r represents the strength of the connection and remains within the interval of − 1.00 to 1.00. A value of 0.00 denotes no rela-
tionship, 1.00 suggests a strong positive, and − 1.00 indicates a strong negative correlation [32]. 

3.1.4. Regression analysis 
For correlation analysis across 20 years of data, regression analysis is frequently utilized [82,83], also correlation between GWL 

fluctuation and rainfall [46]. A straightforward linear regression equation can be expressed as (Eq. (14))  

Z = a + bY                                                                                                                                                                            (14) 

Here. 

Z = Dependent variable 
Y = Independent variable 

The values of a and b are calculated from Eq. (15) and Eq. (16).  

a = [(
∑

z) (
∑

y2) – (
∑

y) (
∑

yz)] / [n(
∑

y2) – (
∑

y)2]                                                                                                                   (15)  

b = [n(
∑

yz) – (
∑

y) (
∑

z)] / [n(
∑

y2) – (
∑

y)2]                                                                                                                           (16) 

Using a scale that ranges from +1 to − 1 via 0, the effect is measured. As one variable rises along with the other, the impact is 
positive; however, when one falls as the other rises, the impact is negative. 0 describes the absence of correlation. 

3.1.5. The Innovative Trend Analysis 
Sen [70] suggested doing an innovative trend analysis. The processes we used are as follows: 
The GWL data is divided into two time periods: (a)2000–2010 and (b) 2011–2021. The Xi (X-axis) represents the first period, while 

the Yi (Y-axis) represents the second. When the data is plotted along the 1:1 line, it displays a steady trend. A rising trend was seen 
when data was plotted above the 1:1 line, and when data was shown below the 1:1 line, a descending trend was seen. The formula 
underlying ITA [71] is (Eq. (17)): 

S=
1
n
∑n

i=1

10(y − x)
n

(17) 

The arithmetic average of the Yi and Xi series equals x and y. n = the total findings. A positive s number indicates a rising trend, 
whereas a negative s value indicates a falling trend [72]. 

3.1.6. Generalized Three-Cornered hat method 
Terrestrial water storage was calculated using Eq. (18) [27,48]. 
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ΔTWS = ΔGWS + ΔSMS + ΔSWE + ΔQS + ΔCWS                                                                                                                (18) 

Where, Δ represent the changes. The available time series of the TWSA products were considered, and it was assumed that each time 
series could be expressed by Eq. (19) to calculate the relative uncertainties among the GRACE-derived TWSA utilizing various GRACE 
products [48]. 

Xi = S + єi (19)  

Where i corresponds to each TWSA product, S is the original signal, and єi is the measurement error in the equation Xi = 1,2, …,N. 

3.1.7. IDW interpolation 
IDW is used for predicting unknown values in surrounding locations. 
The equation behind the IDW is (Eq. (20)) [73]. 

w(x)=
A
B

(20) 

In Eq. (1), w = Predicted value. 
Again, A and B are calculated from Eq. (21) and Eq. (22). 

A=
∑n

i=1

1
d(x1, x2)p

ui (21)  

B=
∑n

i=1

1
d(x1, x2)p

(22)  

Here, the distance is d; the unknown point is x, x1 is the nth known point, the general point is ui, and p means the power. 

3.1.8. Accuracy measurement. RMSE 
One of the most used error-index statistics is RMSE. It is well acknowledged that model efficiency increases with decreasing RMSE 

[74]. It uses Eq. (23) to get the standard deviation of the data’s random components. 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

t=1

[yt(obs) − yt(pred)]2

n

√

(23) 

This study used SPSS (https://www.ibm.com/products/spss-statistics) software to run the modified MK, Kendall’s tau_b, Spear-
man’s Rank Correlation, and Pearson’s Correlation Coefficient analysis. Regression Analysis and The Innovative Trend Analysis 
conduct in Xlstat (https://www.xlstat.com) software. The RMSE was calculated by using R studio (https://www.rstudio.com/). IDW 
interpolation and different maps were produced using in ArcGIS platform (https://www.esri.com/en-us/arcgis). 

Table 1 
Rajasthan’s average GWL depth and annual rainfall (2000–2021).  

Districts GWL depth (m) Annual rainfall (mm) Districts GWL depth (m) Annual rainfall (mm) 

Ajmer 12.10 509.25 Jaisalmer 38.99 233.40 
Alwar 25.82 562.65 Jalor 27.79 436.25 
Banswara 7.43 946.75 Jhalawar 10.54 910.70 
Baran 8.48 819.80 Jhunjhunun 48.93 474.90 
Barmer 34.57 284.05 Jodhpur 34.25 353.25 
Bharatpur 11.74 590.55 Karauli 16.21 672.20 
Bhilwara 12.49 663.55 Kota 9.58 807.70 
Bikaner 46.17 280.20 Nagaur 37.25 424.20 
Bundi 9.36 720.60 Pali 13.33 535.85 
Chittaurgarh 13.76 798.75 Pratapgarh 8.69 918.50 
Churu 36.55 405.50 Rajsamand 12.35 617.10 
Dausa 26.53 630.50 Sawai Madhopur 13.06 726.70 
Dhaulpur 13.40 628.95 Sikar 41.66 514.35 
Dungarpur 8.76 720.10 Sirohi 16.19 755.25 
Ganganagar 14.20 241.40 Tonk 10.17 605.65 
Hanumangarh 18.15 306.10 Udaipur 9.37 709.60 
Jaipur 29.46 563.10     
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4. Results 

4.1. Spatial distribution of average groundwater level and annual rainfall 

The average GWL depth and yearly rainfall throughout all districts from 2000 to 2021 show the average minimum groundwater 
level depth (8.69 m) and maximum annual rain (918.5 mm) found in Pratapgarh. On the contrary, the top maximum groundwater level 
(48.93 m) was found in Jhunjhunun, and the minimum rainfall (233.4 mm) was found in Jaisalmer (Table 1). 

From Table 1, the average GWL depth of 18 (55 %) districts is less than 15 m, 3 (9 %) districts have 16–25 m, and 5 (15 %) districts 
have 26 to 35. The rest of the 7 (21 %) districts have more than 36 m. On the other hand, 5 (15 %) of districts found average annual 
rainfall above 800 m, 12 (37 %) districts had 601–800 mm, and 10 (30 %) districts had 401–600 mm. The remaining 6 (18 %) districts 
have less than 400 mm. 

The spatial variation of average GWL depth and annual rainfall (2000–2021) is mapped in Fig. 2. Fig. 2a shows comparatively 
lower GWL depth was found in the southern portion of the study region (Fig. 2a), which area has more vegetation cover (Fig. 1). 

Similarly, the average rainfall in this region decreased from the southern to the northern part (Fig. 2b). The southern part of 
Rajasthan has less GWL depth and more annual rainfall (Fig. 2a, b). 

4.2. GWL trend and its spatial distribution 

Fig. 3 shows that the northeastern part of the study area has a rapidly declining trend in GWL. Fig. 3A represents the GWL trend 
using the modified MK test and Fig. 3B uses the Spearman method. The western part has a moderate declining rate. In the middle 
portion of the study area, a very slow-rising trend in GWL was found. The remaining southern and northern part has a moderate to 
rapidly rising trend in GWL (Fig. 3). The values of the modified MK and Spearman trend test for GWL are presented in Table 2. 

Modified Mk and Spearman trend tests provide similar results for GWL trends in this study area (Table 2). A declining groundwater 
level trend was found in 38 % of districts (S = 1+, and rho = 0.25+). A stable trend was observed in 13 % of districts (S = − 1 to 1, and 
rho = − 0.25 to 0.25). The remaining 49 % of districts provide a rising trend in groundwater level (S = less than − 1, and rho = less than 
− 0.25). 

Innovative trend slope in GWL: The district-wise innovative trend in yearly GWL is depicted in Fig. 4. According to the yearly 
GWL innovation trend slopes, 12 (36.36 %) of the total districts have a rising trend in GWL depth, these are: Alwar, Bharatpur, Churu, 
Dausa, Dhaulpur, Jaipur, Jaisalmer, Jalor, Jhunjhunun, Karauli, Nagaur, and Sikar (Fig. 4 B, F, K, L, M, Q, R, S, U, W, Y, AD). 15 (45.45 
%) of the total districts have a falling trend, these are Ajmer, Banswara, Baran, Bhilwara, Bundi, Chittaurgarh, Dungarpur, Ganganagar, 
Jhalawar, Kota, Pali, Rajsamand, Sawai Madhopur, Tonk, and Udaipur (Fig. 4 A, C, D, G, I, J, N, O, T, X, Z, AB, AC, AF, AG). The rest of 
the 6 (18.19 %) district has no significant trend in GWL depth, these are Barmer, Bikaner, Hanumangarh, Jodhpur, Pratapgarh, and 
Sirohi (Fig. 4 E, H, P, V, AA, AE). 

4.3. Rainfall trend and its spatial distribution 

Almost all of the study area has a rising trend in average annual rainfall (Fig. 5). According to the modified Mk trend test, the middle 

Fig. 2. Spatial distribution of average GWL depth and annual rainfall (2000–2021) in Rajasthan. (a) Median of GWL (mm), (b) Median of annual 
rainfall (mm). 
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to the southern part of the study area has a moderate to rapidly rising trend for rainfall (Fig. 5A). Overall, some areas of eastern and the 
western part of the study area has a stable to very prolonged rising trend (Fig. 5A and B). The value of the modified Mk and Spearman 
trend test for rainfall are presented in Table 2. 

Fig. 3. Spatial distribution of GWL trend (2000–2021) in Rajasthan. (A) GWL trend using modified MK, (B) GWL trend using Spearman method.  

Table 2 
District-wise trend in GWL and annual rainfall and the correlation between GWL depth and rainfall.  

Districts GWL trend Rainfall trend Correlation 

S rho S rho r tau_b p 

Ajmer − 3.22 − 0.669 1.69 0.436 − 0.49 − 0.3 − 0.386 
Alwar 5.81 0.980 − 0.56 − 0.105 − 0.116 − 0.091 − 0.129 
Banswara − 2.71 − 0.558 1.35 0.293 − 0.414 − 0.335 − 0.472 
Baran − 1.98 − 0.461 1.47 0.375 − 0.312 − 0.248 − 0.321 
Barmer 2.99 0.669 0.51 0.140 − 0.388 − 0.248 − 0.337 
Bharatpur 5.48 0.940 0.27 0.035 − 0.036 − 0.013 − 0.016 
Bhilwara − 1.81 − 0.418 1.35 0.297 − 0.647 − 0.378 − 0.511 
Bikaner − 2.77 − 0.597 1.47 0.342 − 0.059 − 0.048 − 0.077 
Bundi − 2.82 − 0.627 1.52 0.33 − 0.392 − 0.23 − 0.335 
Chittaurgarh − 2.54 − 0.574 1.47 0.295 − 0.576 − 0.3 − 0.423 
Churu − 0.62 − 0.188 1.69 0.409 − 0.415 − 0.117 − 0.171 
Dausa 3.16 0.600 0.17 0.073 − 0.135 − 0.109 − 0.15 
Dhaulpur 2.37 0.467 0.06 0.045 − 0.031 − 0.204 − 0.206 
Dungarpur − 1.24 − 0.302 1.53 0.352 − 0.471 − 0.361 − 0.522 
Ganganagar − 3.78 − 0.717 1.07 0.2 − 0.448 − 0.309 − 0.408 
Hanumangarh − 0.9 − 0.211 0.79 0.176 − 0.367 − 0.03 − 0.084 
Jaipur 5.31 0.941 1.13 0.29 − 0.347 − 0.204 − 0.318 
Jaisalmer 1.36 0.306 1.1 0.276 − 0.491 − 0.322 − 0.426 
Jalor 2.94 0.628 0.45 0.137 − 0.209 − 0.109 − 0.158 
Jhalawar − 3.73 − 0.752 1.13 0.289 − 0.519 − 0.378 − 0.545 
Jhunjhunun 4.06 0.784 1.1 0.242 − 0.215 − 0.052 − 0.123 
Jodhpur − 0.17 − 0.032 2.26 0.53 − 0.264 − 0.196 − 0.313 
Karauli 1.58 0.332 0.9 0.21 − 0.261 − 0.187 − 0.258 
Kota − 2.54 − 0.547 0.85 0.2 − 0.156 − 0.1 − 0.124 
Nagaur 2.65 0.552 2.03 0.487 − 0.46 − 0.37 − 0.534 
Pali − 2.2 − 0.522 1.58 0.417 − 0.304 − 0.17 − 0.234 
Pratapgarh − 0.56 − 0.17 2.93 0.61 − 0.463 − 0.257 − 0.321 
Rajsamand − 3.16 − 0.66 1.86 0.436 − 0.756 − 0.596 − 0.745 
Sawai Madhopur − 1.58 − 0.398 1.47 0.317 − 0.122 − 0.048 − 0.059 
Sikar 5.53 0.9564 1.92 0.48 − 0.401 − 0.257 − 0.38 
Sirohi − 1.02 − 0.241 0.68 0.188 − 0.478 − 0.283 − 0.373 
Tonk − 2.6 − 0.545 2.43 0.51 − 0.455 − 0.335 − 0.441 
Udaipur − 2.99 − 0.633 1.86 0.43 − 0.645 − 0.448 − 0.612 
RMSE 0.079 0.091 0.101 0.098 0.081 0.089 0.076  
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From the results of the modified Mk and Spearman trend test, 70 % of districts have a rising trend (S = 1+, and rho = 0.25+) in 
annual rainfall. The remaining 30 % of districts have a stable nature (S = − 1 to 1, and rho = − 0.25 to 0.25) in rainfall trend. Other 
hand 12 % of districts have a rapidly rising trend in annual rainfall (S = 2+) (Table 2). 

4.4. Correlation between GWL depth and rainfall 

There was a negative correlation between GWL depth and rainfall all over the study area. The depth of GWL decreases due to the 
rising amount of rainfall. A noticeable difference is present in the types of negative correlation. According to Pearson’s correlation 
method, except eastern part, all area has a moderate negative correlation (Fig. 6A). Very weak negative correlation was found in 
maximum areas from the Kendall tau_b value (Fig. 6B). Spearman’s p-value provides similar results to Pearson’s (Fig. 6C). The value of 
Kendall tau_b, Pearson’s r, and Spearman’s p for historical correlation between groundwater level and rainfall are presented in Table 2. 

15 % of districts have a strong negative correlation, where 58 % are moderate, and the remaining 27 % have a weak negative 
correlation between GWL depth and amount of rainfall (Table 2). 

Fig. 4. The innovative trends in GWL depth for different districts in Rajasthan: (A) Ajmer; (B) Alwar; (C) Banswara; (D) Baran; (E) Barmer; (F) 
Bharatpur; (G) Bhilwara; (H) Bikaner; (I) Bundi; (J) Chittaurgarh; (K) Churu; (L) Dausa; (M) Dhaulpur; (N) Dungarpur; (O) Ganganagar; (P) 
Hanumangarh; (Q) Jaipur; (R) Jaisalmer; (S) Jalor; (T) Jhalawar; (U) Jhunjhunun; (V) Jodhpur; (W) Karauli; (X) Kota; (Y) Nagaur; (Z) Pali; (AA) 
Pratapgarh; (AB) Rajsamand; (AC) Sawai Madhopur; (AD) Sikar; (AE) Sirohi; (AF) Tonk; and (AG) Udaipur. 
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Regression analysis observed a positive impact of rainfall on GWL depth in only 11 (33 %) districts; these are Barmer, Churu, 
Dausa, Jaipur, Jaisalmer, Jalor, Jhunjhunun, Jodhpur, Karauli, Nagaur, and Sikar (Fig. 7 E, K, L, Q-S, U–W, Y, AD). 

The negative impact was found in 19 (58 %) districts; these are Ajmer, Alwar, Banswara, Baran, Bhilwara, Bundi, Chittaurgarh, 
Dungarpur, Ganganagar, Hanumangarh, Jhalawar, Kota, Pali, Pratapgarh, Rajsamand, Sawai Madhopur, Sirohi, Tonk, and Udaipur 
(Fig. 7 A-D, G, I, J, N–P, T, X, Z, AA-AC, AE-AG). The rest 3 (9 %) districts: Bharatpur, Bikaner, and Dhaulpur, have no significant effect 
of rainfall on GWL depth (Fig. 7 F, H, M). 

4.5. Terrestrial and groundwater storage changes 

From March 2002 to October 2017, the GRACE-Terrestrial Water Storage (TWS) anomaly decreased by 1.22 cm/year (Fig. 8A). 
While certain locations in the south-eastern and south-western regions of Rajasthan have extremely minor positive anomalies, the 
eastern section of the state has a strong negative anomaly in TWS. 

To investigate groundwater storage (GWS) variability in GRACE and in-situ wells, this work additionally assesses the association 
between GRACE GWS anomaly and standardized well anomaly (Fig. 8B). There is a positive correlation between GRACE and well 
groundwater anomalies (r = 0.471). 

5. Discussion 

In this study, the southeastern area of Rajasthan has a good GWL with more vegetation cover and healthy rainfall. On the other 
hand, the western part of the study area has deeper GWL with bare soils and desert areas and less annual rainfall. Also, GRACE-based 
TWS represents more negative anomalies in the northeastern part of the study area. It is understood that the northeastern portion of the 
study area has recently become severely affected, while the western section has historically been a severe GWL depletion area. Previous 
studies also found a significant correlation between GWL depth and vegetation in semi-arid [35] and arid regions [76], similar to 
Rajasthan. For some plant species, groundwater is a significant supply of water in many parts of the world [36]. The average GWL 
(2000–2021) was found in this study area from 8.69 m to 48.93 m from the surface (Table 1), which was almost close to Lapworth et al. 
[77], who observed shallow groundwater tables in 8–50 m depths in Norwest India. 

This study observed that GWLs trend upward in 49 % of districts but downward in 38 % of stations (Table 2). However, Panda et al. 
[78] discovered contrasting outcomes in India’s drought-prone western Gujrat region, where most monitoring wells (58 %) show a 
downward trend. Also, in Jharkhand, India, the groundwater level declined by 2–10 m from 1990 to 2008 [44]. In that research, the 
groundwater level in this area was detected ten years ago. Meghwal et al. [24] recently examined Rajasthan’s 4.17 km3/y groundwater 
loss. Similarly, this present study found a declining GWL trend in the semi-arid areas of Rajasthan (Fig. 3). The current study discovered 
that the yearly rainfall in the studied area is increasing at 70 % of districts (Table 2; Fig. 5). But at the end of the twentieth century 
(1973–2008), the average annual rainfall decreased by 50 mm in this area [26]. In contrast, Dey et al. [45] also found a decline in 
annual rainfall of 42 mm from 2003 to 2014 in Uttar Pradesh, near Rajasthan. The outcome indicates that Rajasthan has experienced 
an increase in yearly rainfall during the past 20 years. As a result, groundwater levels tend to be on the rise. 

This study observed a negative correlation between GWL depth and rainfall for all districts (Table 2). However, according to the 
regression analysis, rainfall harmed GWL at 67 % of the districts and positively impacted 33 % (Fig. 6). This finding means that rainfall 

Fig. 5. Spatial distribution of rainfall trend (2000–2021) in Rajasthan. (A) Rainfall trend using modified MK, (B) Rainfall trend using 
Spearman method. 
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variability dominates the GWL over the study region. Similarly, most of the districts have a rising trend in GWL, and a significant 
number of districts have an increasing trend in annual rainfall (Table 2). Similar dependency has been found in different drought-prone 
areas in India, in Jharkhand [44], Gujarat [78], and Uttar Pradesh [45]. Precipitation is the primary source of groundwater recharge in 
western India [79,80]. According to Adham et al. [81], the tendency of decreasing rainfall, therefore, increases increased groundwater 
use, leading to a trend of depleting groundwater table levels. In western Rajasthan, Singh and Kumar [26] found a strong correlation 
between groundwater level and rainfall pattern. Rajasthan’s western region is entirely desert, devoid of any flora cover and agri-
cultural land (Fig. 1). This study looked at the relationship between groundwater levels and rainfall throughout Rajasthan, which has 
agricultural land in its eastern section and is covered in vegetation (Fig. 1). And this present study revealed some stations have a rising 
rainfall trend and a declining GWL trend through the regression analysis (Fig. 6). This heterogeneous result was observed in those 
stations, which located in the eastern part of the study area. 

For the first time, this study used GRACE products from several sources with in situ GWL data for the whole period and observed 
that the TWS anomaly decreased by 1.22 cm/yr. A positive correlation exists between GRACE and well groundwater anomalies (r =
0.471). Previous studies also used GRACE products, but they are from one or two sources and not for the whole period of the GRACE 
mission [24,27,48]. The previous studies observed almost similar anomaly-decreasing rates and a relationship between GRACE and 
groundwater anomalies [24,27,48]. Based on well-observations and GRACE datasets in the study area, we uncover divergent trends in 
groundwater variability. For instance, groundwater storage in Rajasthan was trending downward according to GRACE data, but an 
almost 50 % upward trend was observed according to observation wells. Similar contrasting results were observed by Meghwal et al. 
[24] in western India. However, this present study found a more declining trend in GWL using well-observation data, compared with 
previous studies in this region [28,81]. The overall outcome indicates that Rajasthan has experienced an increase in yearly rainfall 

Fig. 6. Spatial distribution of the correlation coefficient between GWL depth and rainfall. (A) Correlation using Pearson Correlation Coefficient, (B) 
Correlation using Kendall tau_b value, (C) Correlation using Spearman method. 
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during the past 15–20 years through a significant number of locations experiencing GWL depletion. This phenomenon happens when 
significant effects on groundwater sustainability are due to the overuse of abstraction through agricultural and industrial uses. Such 
GWL depletion may affect hydrothermal processes and water redistribution, which have a major impact on the water cycle and the 
long-term sustainability of the environment and economy [84]. 

6. Conclusion 

This study used well observations and GRACE data to analyze GWL and rainfall trends and the relationship between GWL fluc-
tuations and rainfall variability. This study used well observation for GWL from 921 monitoring stations for 33 districts of Rajasthan 
from 2000 to 2021 and GRACE data from March 2002 to October 2017. Modified MK, Spearman, Pearson, regression, and ITA methods 
were used for trend and relationship analysis, and the GTCH approach was used to assess the TWS and GWS anomaly. Model per-
formance was evaluated using RMSE, and spatial visualization was done with IDW. These are the main findings from the present study.  

• 45 % of districts have GWL above 15 m from the surface, and 48 % have less than 400 mm of annual rainfall.  
• According to Modified Mk and Spearman, trend tests at a 95 % significant level represent a declining GWL trend found in 38 % of 

districts, and most of the districts (70 %) have a rising annual rainfall trend during the study period.  
• Innovative trend slope in GWL represents 36.36 % of districts with a declining trend.  
• The southern part of the study area is comparatively more vegetation-covered and has a rising trend for GWL and annual rainfall. 

The semi-arid middle to the northern part of this area has significantly less vegetation cover and annual rainfall, and this area has a 
declining trend in GWL. 

Fig. 7. Identifying the relationship between rainfall and GWL depth through Regression analysis for different districts: (A) Ajmer; (B) Alwar; (C) 
Banswara; (D) Baran; (E) Barmer; (F) Bharatpur; (G) Bhilwara; (H) Bikaner; (I) Bundi; (J) Chittaurgarh; (K) Churu; (L) Dausa; (M) Dhaulpur; (N) 
Dungarpur; (O) Ganganagar; (P) Hanumangarh; (Q) Jaipur; (R) Jaisalmer; (S) Jalor; (T) Jhalawar; (U) Jhunjhunun; (V) Jodhpur; (W) Karauli; (X) 
Kota; (Y) Nagaur; (Z) Pali; (AA) Pratapgarh; (AB) Rajsamand; (AC) Sawai Madhopur; (AD) Sikar; (AE) Sirohi; (AF) Tonk; and (AG) Udaipur. 
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• The value of Kendall tau_b, Pearson’s r, and Spearman’s p for the relationship between GWL and rainfall variability shows all districts 
have a negative correlation, where 15 % are strong negative correlation, 58 % are moderate, and the remaining 27 % are weak 
negative correlation.  

• The GRACE-based TWS anomaly decreased by 1.22 cm/year, and a positive correlation exists between GRACE and groundwater 
well anomalies (r = 0.471). 

A more thorough understanding may be determined by analyzing the effect of rainfall on GWL at the seasonal scale. Further 
research should examine the changes in vegetation cover over time with the changes in GWL and rainfall. The policymakers’ awareness 
of the groundwater possibilities in the research region will be aided by this annual study, which will help with their plans. As a result, it 
is crucial to implement water conservation strategies and water harvesting systems in the middle to the northern part of the study area 
to prevent further harm to the available water supply. 

Ethics approval and consent to participate 

National Water Informatics Centre, India has given ethical approval for the use of their in-situ GWL data in this work. 

Fig. 8. Using GRACE (CSR + JPL) data and well data, TWS and GWS trends were examined in Rajasthan, India, from March 2002 to October 2017. 
(A) The mean monthly TWS anomaly is calculated using the long-term monthly anomaly (cm); (B) The standardized well level anomaly and the 
standardized GRACE GWS anomaly are compared. There has been mention of the correlation coefficient (r). 
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