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Processes controlling groundwater recharge have been a topic of pursuit in

the hydrological research community. The groundwater recharge in hard-rock

aquifers is significantly impacted by rainfall patterns, aquifer characteristics,

weathering/soil conditions, topography, land use, and land cover. Analysis

of the recharge process in tropical semi-arid hard-rock aquifer regions of

southern India is crucial due to several factors, including (a) a heavily tailed

monsoon system prevailing in the region, which is characterized by very few

episodic storm events; (b) heterogeneity of aquifers in terms of fractures;

and (c) the presence of several man-made irrigation lakes/tanks along with

the drainage network. This study uses a lumped unconfined aquifer model

to estimate the groundwater recharge for nine locations in Gundlupet taluk

and 150 locations in Berambadi Experimental Watershed (EWS) in the south

Indian state of Karnataka. Analysis of estimated recharge factors identifies

30 high-episodic recharge events out of 292 observations (around 10%) in

Gundlupet taluk and 80 out of 150 locations in 2017 in Berambadi EWS.

Partial information correlation (PIC) analysis is used to select the significant

predictors out of potential predictors based on rainfall intensity distribution and

climatological indices. PIC analysis reveals that the number of rainfall events

with 15–30mm daily rainfall intensity are most significant for normal recharge

events in Gundlupet taluk and Berambadi EWS. The combined information on

daily rainfall distribution, daily rainfall events of 20–40mm, and the number

of La Niña months in a particular year can explain the variability of high-

episodic recharge events in Gundlupet taluk. These high-intensity rainfall

events can be potential sources of alternate recharge pathways resulting in

faster indirect recharge, which dominates the di�used recharge and results in

high-episodic recharge events. Rainfall intensity distribution and climatological

indices contain the potential information required to disaggregate normal and

high-episodic recharge factors for future rainfall projections, which is useful

for future groundwater level projections.
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Introduction

Processes controlling groundwater recharge have been a

topic of pursuit in the hydrological research community.

Understanding processes governing the groundwater recharge

is crucial for regions with huge demands for groundwater

supplies as these are notably the key to agricultural development.

As per (UNESCO, 2022), India stands first in the list of

groundwater user countries with a withdrawal rate of ∼250

km3/year in the last decade, which is more than the USA

and China put together. Groundwater recharge is primarily

classified into two categories: direct and indirect recharge.

Direct recharge is the diffused recharge from rainfall infiltration

through the unsaturated zone. Indirect recharge is generated

principally from localized percolation from streamflow and

because of preferential flow through joints, cracks, and fissures

(Taylor et al., 2013; Zhu and Ren, 2018). Climatic conditions,

geomorphology, and geology influence the relative contribution

of direct and indirect recharge components. The groundwater

recharge process is significantly impacted by rainfall patterns,

aquifer characteristics, weathering/soil condition, topography,

land use, and land cover. Analysis of the recharge process in

tropical semi-arid hard-rock aquifer regions of southern India

is crucial due to several factors, including (a) heavily tailed

monsoon system prevailing in the region, which is characterized

by very few episodic storm events; (b) heterogeneity of aquifers

in terms of fractures; and (c) the presence of several man-

made irrigation lakes/tanks along with the drainage network.

Indirect recharge is prominent in regions with low-recharge

amounts, such as hard-rock aquifers in semi-arid regions,

making it imperative to understand the processes governing

indirect recharge (Dewandel et al., 2010; Massuel et al.,

2014; Lachassagne et al., 2021; Rusagara et al., 2022). Local

studies conducted in an experimental forested watershed of

Kabini Critical Zone Observatory (CZO) in southern India

noted significant indirect recharge (associated with recharge

from first- and second-order streams) as compared to direct

and localized recharge (Maréchal et al., 2009). Asoka et al.

(2018) identified high intensity (>35.5 mm/day) precipitation

as the main driver for groundwater recharge in the hard-

rock aquifer region of southern India during the monsoon

season (Asoka et al., 2018). Hydrogeochemical studies in the

hard rock aquifer of southern India found evidence of a

rapid recharge component within the overall highly mixed

groundwater system (Collins et al., 2020). Studies carried out

in similar geological regions have identified the importance

of rainfall intensity and temporal distribution in driving the

recharge rates (Owor et al., 2009; Perrin et al., 2012; Moeck

et al., 2020; Guillaumot et al., 2022). Even though there is

a general belief that extreme rainfall events are not much

relevant to groundwater recharge, studies from literature in

granitic aquifers of Eastern Africa have indicated the role of

intense seasonal rainfall in high recharge events (Taylor et al.,

2013). It has been observed that heavy rainfall events and

strong seasonality can result in higher recharge rates. Recharge

estimates based solely on a constant fraction of rainfall are

often misleading. Maréchal et al. (2006) noticed that the higher

number of rainy days during monsoon favored recharge. They

found the estimated total groundwater recharge to be higher

than the estimate from linear regression and attributed the

difference to indirect recharge. Various studies conducted in

Africa have identified the disproportionate contribution of

heavy rainfall to groundwater recharge (Leblanc et al., 2008;

Favreau et al., 2009; Taylor et al., 2013; Galle et al., 2018;

Cuthbert et al., 2019; Banks et al., 2021; MacDonald et al.,

2021). Carvalho Resende et al. (2019) studied the impact of

climate variability on groundwater storage and identified El

Niño Southern Oscillation (ENSO) as themain driver of changes

in interannual groundwater storage triggered by significant

changes in groundwater recharge.

This study evaluates the episodic nature of rainfall–recharge

factor patterns based on the hypothesis that these high-

episodic recharge events are impacted by rainfall intensity

distribution and climatology which facilitates alternate

recharge pathways. The causal factors for the high-episodic

rainfall–recharge factor events will be evaluated focusing

on the tropical nature of India’s summer monsoon rainfall.

These episodic high recharge scenarios control groundwater

dynamics and a substantial portion of groundwater storage

is recovered. Understanding this high-episodic recharge that

reinitializes the groundwater conditions becomes important

to forecast groundwater levels in the future climate scenario

as frequent extreme storm events are projected for the

twenty-first century (Mehrotra et al., 2013; Sharma et al.,

2018). Forecasting the future groundwater level will require

combining these extreme rainfall–recharge factors along with

normal rainfall–recharge factors in the models for an unbiased

realistic forecast.

The primary objectives of this study are (1) to estimate

groundwater recharge in hard rock aquifers of tropical southern

India using long-term observation data; (2) to analyze the

rainfall–recharge patterns and identify high-episodic recharge

events; and (3) to test the hypothesis of an association of high-

episodic recharge scenarios with rainfall intensity, distribution,

and climatological indices.

Study area and data

Study area

To achieve the objectives of the study, a long-term reliable

dataset in all aspects becomes the primary requirement.

Gundlupet taluk, an administrative unit, which is a part of
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Kabini CZO, fulfills the requirement because of the rich

data over a long period available from state government

departments complimented by a high-density curated data for

Berambadi Experimental Watershed (EWS) that lies within

the taluk. Figure 1 shows the location, land-use, and land-

cover of the study area for the year 2010 taken from Moulds

et al. (2018) along with the groundwater observation wells

in Gundlupet taluk and Berambadi EWS. Gundlupet taluk

(1,406 km2) comes under the Chamrajanagara district in the

South Indian state of Karnataka. It belongs to the Kabini

river basin, which is a major tributary to the Cauvery River.

The region is primarily semi-arid with an annual rainfall of

∼1,100mm with high interannual variability. About one-third

of the area of the taluk is covered by the forests of Bandipur

National Park. The net sown area is about 41% of the total

area of taluk and groundwater is the sole source for the

domestic and irrigation sectors. The study area is part of the

Mysore Plateau, underlain by the Western Dharwar Province

of the Dharwar craton of the Archaean-Paleoproterozoic age.

Three broad rock categories in the craton are gneisses of the

Peninsular Gneiss, meta-sediments, and meta-igneous rocks

of the Dharwar Schists, and to the east, the granite of the

Closepet batholith belt (Rao, 1962; Meert et al., 2010). Granitic

gneissic bedrock traversed by dykes ranging from 0.5 to 1.5 km

in length and 5–15m in width in the east-west direction are

observed in the region (Sekhar et al., 2006). The typical hard

rock granitic aquifers comprise two layers, a few meters thick

fissured layer at the surface of the fresh bedrock having high

hydraulic conductivity but low porosity and a weathered layer

of gneissic saprolite with low-hydraulic conductivity but higher

porosity (Dewandel et al., 2006). Large spatial variability is

observed in the thickness of gneissic saprolite with an average

thickness of 18m (Braun et al., 2009; Buvaneshwari et al.,

2017). Drainage-oriented lineaments are observed in this region

ranging from 2.5 to 7.5 km in length which trend north-

south or NNE-SSW (Sekhar et al., 2004). The water-bearing

and yielding properties are primarily due to the development

of secondary porosities like weathering, joints, fractures, and

fissures. Phreatic aquifers occur between the depths of 2

and 20m below ground level (bgl) in weathered zones and

deeper fractured aquifers below weathered zone (20–165m

bgl) occur in granite, gneiss, and charnockite (CGWB, 2014).

The soils of the district are derived from granitic-gneisses

and charnockite rock formations. Three major soil types in

the area are comprised of red, black, and rocky/weathered

soils, which represent the soil types for granitic-gneissic

lithology found in southern India (Barbiéro et al., 2007;

Tomer et al., 2015). Berambadi EWS is predominantly an

agricultural watershed that was selected in Kabini CZO to

capture and characterize human processes on hydrology and

energy budgets (Sekhar et al., 2016). The region is drained

majorly by the Gundal River, which is the main tributary of the

Kabini river.

Data

Data of the monthly groundwater level for nine observation

wells (OWs) in the Gundlupet taluk from 1980 to 2017 have been

collected from the Groundwater Directorate (GD), Karnataka

State with an accuracy of 1 cm. Details of these OWs are given

in Supplementary Table 1. Daily rainfall data is obtained from

the Department of Economics and Statistics (DES), Bangalore

with an accuracy of 0.1mm from 1980 to 2009 for the

Mule Hole gauging station in Gundlupet taluk. For modeling

purposes, this daily rainfall data is aggregated tomonthly rainfall

data. Kabini CZO team at IISc Bangalore monitors monthly

groundwater levels in Berambadi EWS by spatially distributing

205 operational wells, most of these wells are owned by farmers

and used for irrigation purposes (Sharma A. K. et al., 2016).

These wells are used as piezometers in the study area by careful

monitoring to avoid any influence of pumping operations by

carrying out the sampling during the no power supply period

(Buvaneshwari et al., 2017). Thus, abstraction is considered (see

below), but as a spatial average abstraction and not precisely

at each well. Daily rainfall data is measured at Maddur rain

station which is in the western part of Berambadi EWS. Based

on a criterion of less than 10% gaps in groundwater data, 150

out of 205 wells were selected for groundwater modeling. Pauta

criterion (3σ) (Zhou et al., 2013; Li et al., 2016) is applied to

individual OW groundwater level data to identify outliers. The

outliers and data gaps are filled using linear interpolation.

Open-source Shuttle Radar Topography Mission (SRTM)

product 3 arc-second (90m spatial resolution) Digital Elevation

Model (DEM) is used for elevation data. Ancillary data related

to aquifer properties, such as specific yield, recharge factors,

and groundwater abstraction ranges, are taken from the Central

GroundWater Board report (CGWB, 2014) and previous studies

in the same region (Collins et al., 2020; Goswami and Sekhar,

2022).

Methodology

The methodology in this study is divided into two parts.

The first part focuses on the estimation of groundwater recharge

time series at all OW locations. The second part covers the

identification of normal and high-episodic recharge events and

statistical evaluation of their association with rainfall intensity

distribution and climatology.

Estimation of groundwater recharge

Studies show that fractured hard-rock aquifers can be

modeled as unconfined aquifers (Legchenko et al., 2006;

Maréchal et al., 2006; Machiwal and Jha, 2015; Subash et al.,

2017). The focus of the study is to analyze the groundwater wells
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FIGURE 1

Location of groundwater observation wells in Gundlupet taluk and Berambadi EWS.

individually, which requires a lumped unconfined groundwater

model. Park and Parker (2008) formulated a 1-D groundwater

flow equation for unconfined aquifers, which is given as

Equation 1:

Sy
dh

dt
= K

d

dx

(

h
dh

dx

)

(1)

where, h represents the hydraulic head [L], t is time [T], Sy is

the specific yield of the aquifer system [–], and K is the hydraulic

conductivity [LT−1]. They transformed the equation to take into

account the precipitation and discharge such that (Equation 2):

dh

dt
=

rf

Sy
R −

1

Sy
λh (2)

where, λ is the discharge constant [T−1], R is the rainfall

[LT−1], and rf is the recharge factor [–]. The discharge constant

represents the fraction of available groundwater storage, which

flows out of the domain laterally. It is incorporated into the 1-

D lumped formulation to account for the loss of groundwater

in terms of discharge because of the local groundwater gradient.

Kumar (2012) and Subash et al. (2017) modified the equation

by taking groundwater pumping into consideration and created

the AMBHAS_1Dmodel (CRAN - Package ambhasGW, 2017), a

physically based lumped model for unconfined aquifers (Collins

et al., 2020). The governing equation of the model is given as

Equation (3):

dh

dt
=

−1

Sy
λh+

rf

Sy
R −

1

Sy
Dnet (3)

where, Dnet is the net groundwater abstraction [LT−1]

accounting for (pumping—return flow). It is to be noted that

the recharge factor (rf ) combines recharge from all sources

accounting for direct recharge, indirect recharge and recharge

from return flows.
(

1− rf

)

R accounts for other water balance

components such as evapotranspiration (ET) and runoff (Q). In

the model, the recharge factor is directly applied to rainfall (R)

and not the effective rainfall [R − (ET + Q)], thus, it does not

consider the associated non-linearities. Hence, this non-linearity

will be part of the non-linearities discussed in the later part of the

paper. The lumped aquifer model assumes that no groundwater

discharge occurs at or below a specific minimum groundwater
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FIGURE 2

Daily rainfall and mean CDF at Gundlupet taluk.

level in the area. If a high hydraulic gradient occurs, deviations

from this assumption may reduce model accuracy. The model

considers negligible time-lag from precipitation to water table

response. For deeper groundwater levels, lag-time may affect

the model accuracy for low-unsaturated hydraulic conductivity

cases or if fine time resolution of data is used for calibration

(Park and Parker, 2008). Detailed information on the model

parameterization and calibration is given in Park and Parker

(2008) and Subash et al. (2017).

Sy and rf are the primary model parameters that are

estimated during calibration. Initial ranges of Sy and rf values

are taken from CGWB (2012b), Subash et al. (2017) and

Goswami and Sekhar (2022) for calibration of the model. Taluk

averaged groundwater abstraction for each 5-year duration

taken from reports and literature are forced into the model to

keep it consistent with the observed abstraction (CGWB, 2006,

2008, 2011, 2012a,b, 2014, 2017; Subash et al., 2017). During

the calibration exercise, specific yield and recharge factor values

are estimated simultaneously, which can introduce uncertainties

because of correlation among each other. A two-step approach

with sequential estimates of specific yield and recharge factors

considering a reasonably large (at least 5 years) groundwater

data series for calibration provides better parameter estimates,

reduces the correlation between them, and minimizes the

equifinality (Sekhar et al., 2004). Groundwater modeling based

on numerical models is always limited by a trade-off between

data availability, method complexity, and expected relevance

of outputs (Massuel et al., 2013). Modeling groundwaters at

daily time steps can be useful in understanding the effects of

evapotranspiration and pumping while monthly to seasonal

analysis is much more relevant for recharge analysis (Freeze and

Cherry, 1979). Previous groundwater modeling and recharge

estimation studies in hard-rock aquifers have used monthly time

steps (Subash et al., 2017; Collins et al., 2020). The observed

groundwater levels in the study area are quite deep, and hence, to

maintain the model accuracy, it is suggested to avoid finer time

scales (Park and Parker, 2008). As the observed groundwater

levels are available at a monthly time scale, the model simulation

is carried out at a monthly time scale. Approximately, 60% of the

timeseries is used for calibration and the rest 40% for validation.

Frontiers inWater 05 frontiersin.org

https://doi.org/10.3389/frwa.2022.960669
https://www.frontiersin.org/journals/water
https://www.frontiersin.org


Goswami and Sekhar 10.3389/frwa.2022.960669

In the first calibration step, the model is allowed to calibrate and

estimate Sy keeping a constant rf value. In the second step, the

calibrated Sy value from the first step is kept constant and the

model is allowed to estimate rf for each location. The model

is validated for each location using the parameters estimated

from the calibration stage. The calibrated and validated set of

parameters is used in the model to estimate recharge timeseries

for each OW.

High-episodic recharge identification
and their association with rainfall and
climatology

Rainfall–recharge analysis is carried out for all groundwater

OWs at an annual time scale. Annual recharge factor (rf ) for

each study location is calculated from the estimated recharge

and observed rainfall. Well-averaged recharge factor is used

to calculate the z-score corresponding to each year’s recharge

factor.Mean and standard deviation for eachOW independently

are used to identify high-episodic recharge events. The z-

score is calculated for each year’s recharge factor value using

Equation (4):

zi,year =
rfi,year − µi

σi
(4)

where µi and σi are the mean and standard deviation of annual

recharge factor for observation well i. A threshold of z-score

≥1.96 (confidence level of 95%) is used to differentiate high-

episodic recharge events from normal recharge events.

To understand the effect of rainfall patterns and the

monsoon system on the recharge, we used the available daily

rainfall data to obtain the number of days in intervals of 2.5–5,

5–10, 10–15, 15–20, 20–25, 25–30, 30–35, 35–40, 40–45, 45–50,

and >50mm daily rainfall in each year. A MATLAB package

cdfplot is used to produce the empirical Cumulative Distribution

Function (CDF) for each year’s daily rainfall data. Mean CDF of

combined 38 years of daily rainfall data is used as representative

of the daily rainfall intensity distribution in the region. Two-

sample Kolmogorov–Smirnov test is performed using the inbuilt

kstest2 function in MATLAB, which gives the p-value and

decision if the CDF of a particular year is significantly different

from the mean rainfall CDF (Figure 2). The result of KS test

is presented in last column (p-value) of Supplementary Table 2,

where, p-value < 0.05 (p-value ≥ 0.05) corresponds to rejection

(fail to reject) of CDF match (α = 0.05).

Oceanic Niño Index (ONI) is a well-established index

that significantly explains the interannual variability of the

Indian summer monsoon (Chakraborty, 2018; Chakraborty

and Singhai, 2021). ONI is the 3 months running mean of

ERSST.v5 sea surface temperature anomalies in the Niño 3.4

region (5◦N−5◦S, 120◦−170◦W), which is freely available

on the National Oceanic and Atmospheric Administration

(NOAA) website. El Niño (warm) and La Niña (cold) periods

are identified based on a threshold of ±0.5◦C for ONI.

ONI thresholds are used to calculate the number of El Niño

months (n_elnino), La Niña (n_lanina) months, and the average

ONI for each year (ONI_y). These three indices are used

in this study to represent climatology on an annual scale

(Supplementary Table 2).

Partial information correlation (PIC) is an information

theory based tool for measuring the partial dependence and

selection of predictor variables depending on the response

variable without making any assumptions about its form

or model representation (Sharma and Mehrotra, 2014). The

Nonparametric Prediction (NPRED) R-package (Sharma A.

et al., 2016) is used for predictor identification from a set of

potential predictor variables (Supplementary Table 2) taking the

response variable as groundwater recharge.

Results and discussion

Themodel simulation is carried out for all nine groundwater

OWs in Gundlupet taluk (OW#1 to OW#9) and 150

groundwater OWs within Berambadi EWS (B#1 to B#150).

For Gundlupet taluk, the simulation period was from 1980

to 2017; however, few wells dried out during this period. For

groundwater wells in Berambadi EWS, the simulation is carried

out from May 2010 to April 2020. Figure 3 represents the

calibration and validation timeseries for two locations OW#4

and B#149. Supplementary Figures 1, 2 show the performance of

model calibration and validation for all locations in Gundlupet

taluk and Berambadi EWS using Nash-Sutcliffe Efficiency (NSE)

and Root Mean Square Error (RMSE). Calibrated specific

yield (Sy) and annual mean recharge factor (rf ) for OWs

in Gundlupet taluk are tabulated in Supplementary Table 1

and for Berambadi EWS in Supplementary Figures 2C,D. The

calibrated sets of parameters are consistent with studies in

the same region (Legchenko et al., 2006; Subash et al.,

2017; Collins et al., 2020). A decreasing trend in Sy and an

increasing trend in RMSE eastward is observed in Berambadi

EWS (Supplementary Figures 2B,C). The reason for this trend

is associated with deeper groundwater levels in the eastern

part as compared to the western part, which is caused by

higher groundwater abstraction in lower eastern regions of

the watershed (Buvaneshwari et al., 2017; Collins et al.,

2020). During model calibration, a depth-averaged Sy value is

estimated, hence Sy values in the eastern part are averaged

across deeper aquifer zones characterized by lower specific yield

values. Simulation based on depth averaged Sy in deeper aquifer

zones shows relatively higher deviation from observed levels as

compared to shallower groundwater levels in the western part.

In Gundlupet taluk, 30 events of high-episodic recharge

are identified, which are summarized in Table 1. The annual

recharge to annual rainfall plot of seven locations out of
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FIGURE 3

Model calibration and validation for (A) OW#4 (Gundlupet town) in Gundlupet taluk and (B) B#149 in Berambadi EWS.

nine in Gundlupet taluk is presented in Figure 4. There is a

clear distinction between the normal (violet) and high-episodic

recharge events (red). The average normal recharge factor

estimated by combining all locations of Gundlupet taluk is

nearly 4.3%, while for high-episodic recharge events it is 5.9%.

For a few locations, the high-episodic recharge factor can go

as high as 1.5–2 times the normal recharge factor in specific

years. For example, for OW#9 in Gundlupet taluk, the recharge

factor in 1983 was 7.7%, which is nearly twice the average

recharge factor (∼3.9%) estimated for that location. All the

normal recharge events of these seven locations follow a linear

relationship quite well (R2 = 0.99) with an average recharge

factor of 4.27%. However, the combined high-episodic recharge

events show some scattering as compared to normal recharge

events, though a linear fit corresponds to a recharge factor

of 5.86%.

Normal recharge events for OW#2 and OW#3 are more

scattered than in the other seven locations in the taluk as
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TABLE 1 Summary of high-episodic recharge events in Gundlupet

taluk.

Year Annual

rainfall

(mm)

Number of

locations with

high-episodic

recharge factor

Location

1983 854.3 5 OW#2,3,5,8,9

1988 1,142.2 1 OW#1

1991 1,237.2 3 OW#4,8,9

1992 1,208.2 4 OW#2,3,8,9

1993 1,285.8 1 OW#2

1995 1,153.6 1 OW#3

1998 989.8 2 OW#6,8

1999 651 3 OW#2,6,8

2000 772 6 OW#1,2,3,6,8,9

2001 688.1 1 OW#6

2004 1,186.4 1 OW#8

2005 1,416.6 1 OW#4

2013 1,068 1 OW#1

represented in Figure 5. The identified high-episodic recharge

events are of significantly higher magnitude than the site

average normal recharge events for all the nine OWs in the

Gundlupet taluk.

Rainfall intensity distribution along with events of high-

episodic recharge are plotted in Figure 6. It is noticeable that

the highest percentage of stations with high-episodic recharge

was observed in the year 2000 (67%) despite being a rainfall

deficient year. Other high-episodic recharge events correspond

to both above-average (1991 and 1992) and average rainfall

years (1983). This indicates that apart from annual rainfall

information, rainfall intensity distribution might contain the

potential information for explaining high-episodic recharge

events. The monthly rainfall distribution is plotted to compare

the rainfall patterns in the region (Supplementary Figure 3).

Analysis of rainfall intensity distribution and climatological

indices is summarized in Table 2. It is observed that the years

1988, 1999, and 2000 are years when daily rainfall distribution

is different from the mean CDF, and the number of La Niña

months in those years is also high. In the years 1992, 1993, 2001,

2004, and 2005, a large number (≥5) of high intensity (>40

mm/day) rainfall can be contributing to extra recharge. These

observations indicate that the anomalies in rainfall intensity

distribution and climatological indices may contribute to high-

episodic recharge; however, it requires a statistical method to test

its significance.

For Berambadi EWS, the location averaged annual recharge–

rainfall plot is shown in Figure 7. The triangles represent the

average of normal recharge events for each year from 2010 to

2019. The error bars correspond to the variability observed in

TABLE 3 Results of PIC analysis.

Area Response variable Significant

predictor

variable (PIC)

(for α=0.05)

Gundlupet Taluk+

Berambadi EWS

All normal recharge

events combined

15–30mm (0.79)

Gundlupet Taluk All high episodic

recharge events

combined

p-value (0.58),

20–40mm (0.47)

and n_lanina (0.6)

recharge estimated for 150 locations within Berambadi EWS.

Recharge events in the year 2017 are observed to be on the higher

side for all 150 locations; however, based on the z-score criteria

of≥1.96, 80 out of 150 locations are categorized as high-episodic

recharge events as represented in the red circle. An insignificant

number of locations in the years 2010 (1 OW) and 2015 (2 OWs)

are categorized as highly episodic; hence, they are not considered

for further analysis. The linear fit between the recharge–rainfall

scatter plot for normal recharge events corresponds to a recharge

factor of 4.42%, while the mean annual recharge factor is 8.4%

for high-episodic recharge events identified in the year 2017

in the same region. 10% of OWs in Berambadi EWS exhibit

higher recharge values with z-score≥1.645 (α = 0.1) in the year

2019; however, they are not considered high episodic as per the

pre-defined criteria of z-score ≥1.96.

The results of the PIC analysis are summarized in Table 3.

Daily rainfall intensities of 15–30mm show significantly high

PIC values for normal recharge events combined across all

nine OWs in Gundlupet taluk and 150 OWs in Berambadi

EWS. The PIC analysis of all high-episodic recharge events

across nine OWs in Gundlupet taluk identified daily rainfall

CDF, the number of days with 20–40mm rainfall, and the

number of La Niña months in that year as statistically significant

predictors. The recharge associated with high-intensity rainfall

can be indirect recharge, which is caused by percolation

from ephemeral streams. Moreover, these ephemeral streams

contribute to replenishing the dried-out tanks and lakes, which

act as sources of indirect recharges as identified in previous

studies (Barbiéro et al., 2007; Maréchal et al., 2009; CGWB,

2012a; Ruiz et al., 2015; Mondal et al., 2016; Robert et al.,

2017; Riotte et al., 2018; Collins et al., 2020). In such scenarios,

the indirect recharge can dominate direct recharge and result

in high-episodic recharge events. These observations indicate

that the combination of rainfall intensity distribution and

climatology can favor the recharge process, which results in

events of high-episodic recharge. The recharge information

contained in identified predictor variables can be used in

desegregating high-episodic recharge from normal recharge.
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FIGURE 4

Annual recharge vs. annual rainfall variation in Gundlupet taluk for OW#1, 4, 5, 6, 7, 8, and 9.

The analysis for high-episodic recharge events identified in

Berambadi EWS showed no statistically significant predictor

capability because of a lack of variability in predictor data.

However, the observed high-episodic recharge in 2017 can be

associated with strong La Niña (seven out of 12 months) in

that year.

Long-term and high-spatial density recharge–rainfall

analysis in the study area indicates that the recharge process in

hard rock aquifers of tropical southern India is complex, and

a linear recharge–rainfall-based approach, generally applied

for short- and long-term groundwater level projections, may

incur errors. Figure 8 demonstrates the simulated groundwater
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FIGURE 5

Annual recharge vs. annual rainfall variation in Gundlupet taluk for OW#2 and OW#3.

FIGURE 6

Rainfall distribution and high-episodic recharge events for Gundlupet Taluk.
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TABLE 2 Analysis of rainfall intensity distribution and climatological indices for high-episodic recharge years in Gundlupet taluk.

Year Annual

rainfall

Number of

stations

with high

episodic

recharge

ONI_y n_elnino n_lanina Number of daily rainfall events in a year in CDF

match

rejection

(p-value

<0.05)

2.5–20 mm 20–40 mm >40 mm

1983 854.3 5 −0.04 6 4 56 13 1 TRUE

1988 1142.2 1 −1.38 2 8 51 15 5 TRUE

1991 1237.2 3 0.63 8 0 74 18 2 FALSE

1992 1208.2 4 0.24 6 0 75 10 5 FALSE

1993 1285.8 1 0.30 4 0 63 19 5 FALSE

1995 1153.6 1 −0.41 3 5 52 21 1 FALSE

1998 989.8 2 −0.93 5 6 79 10 0 FALSE

1999 651 3 −1.12 0 12 29 12 2 TRUE

2000 772 6 −0.57 0 12 38 10 3 TRUE

2001 688.1 1 −0.08 0 2 43 3 6 TRUE

2004 1186.4 1 0.58 6 0 77 14 5 FALSE

2005 1416.6 1 −0.03 2 2 70 15 9 FALSE

2013 1068 1 −0.31 0 0 71 12 2 TRUE

FIGURE 7

Annual recharge vs. annual rainfall variation in Berambadi EWS.

levels for the 10-year duration at B#133 in Berambadi EWS

considering (Case-1) annual average recharge factor (4.4%)

ignoring the high-episodic recharge events and (Case-2) model

estimated varying recharge factor considering high-episodic

recharge factors for the year 2017 (8.1%) and 2019 (5.5%). A

significant deviation from the observed groundwater level is

detected in Case-1 simulations from 2017 onwards (RMSE =

3.9m). Case-2 simulations are able to capture the groundwater
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FIGURE 8

Comparison of simulated groundwater levels with considering constant recharge factor (Case-1) vs. high-episodic recharge factor (Case-2).

fluctuations and recovery during 2017 and 2019 (RMSE =

1.95m). The simulated groundwater level at the end of April

2020 for Case-1 is 11.5m deeper than the observed groundwater

level, as the extra recharge occurring in 2017 and 2019 is

neglected. This shows that the inclusion of high-episodic

recharge events becomes critical while assimilating simulated

groundwater levels for groundwater level forecast. Using

annually averaged recharge factors for future projections can

lead to biased and unrealistic groundwater levels, which are the

basis of groundwater management and policymaking.

Conclusion

This study uses a calibrated and validated lumped

unconfined aquifer model to estimate the groundwater recharge

timeseries for nine OWs in Gundlupet taluk and 150 OWs

in Berambadi EWS. It is to be noted that the model does not

take into account the effects of evapotranspiration directly,

hence being unable to capture non-linearities associated

with evapotranspiration. Analysis of estimated recharge

factors identified 30 high-episodic recharge events out of

292 observations (around 10%) in Gundlupet taluk and 80

out of 150 OWs in 2017 in Berambadi EWS. PIC analysis is

used to select the statistically significant predictors from a

potential set of predictor variables based on rainfall intensity

distribution and climatological indices. PIC analysis revealed

that the number of rainfall events with 15–30mm daily rainfall

intensity in a year are most significant for normal recharge

events in Gundlupet taluk and Berambadi EWS (PIC =

0.79). Combined information on daily rainfall distribution,

daily rainfall intensities of 20–40mm, and the number of

La Niña months in a particular year are able to explain the

variability of high-episodic recharge events in Gundlupet taluk.

These high-intensity rainfall events can facilitate alternate

recharge pathways resulting in faster indirect recharge which

dominates the diffused recharge resulting in high-episodic

recharge events.
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The findings of this study emphasize that rainfall intensity

distribution and climatology are vital factors influencing

groundwater recharge at an annual scale, which are usually

not considered while projecting future groundwater levels.

The study shows that negligence of this information

can lead to unrealistic and biased groundwater level

projections. More intense short-duration storms expected

for future rainfall projections can result in more high-

episodic groundwater recharge events. Rainfall intensity

distribution and climatological indices have the potential

to be used in disaggregating normal and extreme recharge

factors for future rainfall projections. Prior knowledge of

potentially higher groundwater recharge years is crucial

for optimum water resource management and planning

based on a more realistic and precise groundwater

resource assessment.
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