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Abstract

Groundwater models meticulously considering the water balance components have paramount importance in sustainable
decision-making on groundwater. Plant uptakes and transpires water from the groundwater, called groundwater evapotranspiration
(ETg), ‘is one of the major contributions to the water balance. ET needs to be quantified for shallow groundwater areas as they
account for major depletion in groundwater. This study evaluated the White and modified White methods to estimate ET for
the agricultural-dominated Rana watershed with a tropical savanna climate in Eastern India. This modified method uses the sine
function to capture the diurnal fluctuation of groundwater and estimates daily to seasonal ET. Additionally, a physical-based
modeling strategy was adopted to estimate the ET over the study basin as a function of soil moisture change from the surface
to the saturation depth and delineate the extinction depth of ET;. Additionally, this study compared the efficacy of both the
empirical methods with the physical-based model to estimate ET; in agricultural land use. Results showed that ET; was nearly
50-70% of crop evapotranspiration and was higher in magnitude in the dry periods of the year due to less availability of topsoil
moisture. The range of extinction depth was observed to be from 1 to 3 m for the hard rock area, whereas the same was from
5 to 9 m for other regions. When the comparison is made on a seven-day window, the modified White method produced an R*
of 0.88, whereas that of the White method was 0.40. Conclusively, the modified White method reliably estimates the ET5 and
can be applied successfully in shallow groundwater level regions for reducing uncertainty in groundwater head prediction due
to oversimplification of water balance components.
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Introduction

Groundwater is the most reliable water source for most of the
ecosystems in India, especially in tropical savanna regions
[1]. India has two major groundwater systems, i.e., (i) deep
aquifers and (ii) shallow aquifers. In shallow aquifers, the
saturated zone below the water table gets penetrated by
plant roots and the roots extract water from the groundwa-
ter system [2]. Moreover, in many parts of the country with
a shallow aquifer system during monsoon, the groundwater
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the total ET, a reasonable portion of the groundwater also
contributes which is termed groundwater evapotranspiration
[ETg; 51]. In some cases, ET; exceeds 85% of potential ET
for shallow groundwater regions [6]. Thus, the estimation of
ETg carries fundamental importance in water balance and
management studies, sustainable water use in agriculture,
as well as groundwater flow simulation studies at various
spatiotemporal scales, and policy development for the sus-
tainable use of groundwater resources. In the diverse ecosys-
tem for sustainable water use and planning, considering the
full range of ET losses becomes important [7-9]. In many
reported groundwater balance studies, the ET parameter
has been either taken constant or ignored, which leads to
uncertainty in the model predictions [8, 10-12].

In drylands, the water table rises mainly due to defor-
estation resulting ET; of 30-40% of the total recharge [13].
Further, as the water table depth increases the value of ETg
decreases [14], and ET5 becomes zero at a certain depth,
demarketing the extinction depth [ED; 42]. ET and the ED
have both varied spatially and temporally corresponding to
changes in vegetation cover, physical properties of soil, and
aquifer properties [15—17]. Estimating the ET5 and ED has
great significance in groundwater resource management and
precise water budgeting. However, very limited literature has
been reported to investigate these two parameters in varying
atmospheric settings and groundwater levels, also with het-
erogeneous land-use conditions at the basin scale [6, 18, 19].

It has always been challenging to quantify ET directly
because it includes complex physical processes and spati-
otemporal variability [1, 20]. Few researchers have studied
ETg from shallow water tables hypothetically, experimen-
tally, and/or in situ. Isotopic tracers were used to determine
the fraction of groundwater consumption by vegetation when
water was isotopically differentiated from other sources [21,
22]. However, the method for estimating transpiration must
be used in combination with the isotopic method. A water
balance residual approach estimated groundwater evapo-
transpiration where the other components of water balance
were calculated from monitored data [23]. However, there
were uncertainties regarding inflows and outflows. Lubc-
zynski [8] modeled the ET using the SEBAL model for
semi-arid regions of Botswana and detected uncertainty in
total recharge computation due to an error in ET estimation
resulting in depleted actual recharge.

Another approach used mostly to quantify ETg is
introduced by the [24] which analyzes the groundwater
fluctuations in a shallow aquifer. Researchers have
recognized this method as it refers to evapotranspiration from
the groundwater as the daily groundwater consumption by
the vegetation. The White method considered that the plants
transpire in the daytime, leading to an upward groundwater
flow as the plants consume it during that period, this
consumption is more than groundwater recharge; therefore,
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the decline in groundwater level is observed. Additionally,
according to White, at night time the photosynthesis process
ceases (midnight to 4 A.M.), and gradually the water level
increases. Thus, the diurnal fluctuation pattern in the
water table is the combination of groundwater recovery
and plant water use. Due to groundwater consumption by
phreatophytes, the loss in water is directly measured through
the change in water level, which is stated as the major
advantage of employing diurnal water table fluctuations to
estimate ET [25-27]. Moreover, this method was found to
be reliable, cost-effective, and involves simple calculations
[16, 28, 29].

Various studies accounted water table fluctuation method
to estimate ET for various land use types and arid regions
like the recent study by [27], which investigated the forest
ecosystem and they inferred that the water table fluctuation
method was efficient and suitable for long-term ETg esti-
mates. They observed that the riparian forest uses ground-
water during the late growing stages. Similarly, [15] used
the water table fluctuation (White) method to estimate ET
at different land uses for the semi-arid region. It was found
that higher actual ET values were obtained where the water
table was shallow suggesting it was due to groundwater
consumption by grass vegetation. Considering the temper-
ate region (Canada), [30] estimated ETs, which shows that
tree-dominated areas consumed more groundwater than
grass, indicating that the ignorance of ET; may lead to mis-
management of water resources in tree-dominated areas.
Furthermore, many works of literature have presented the
efficacy of the White method for wetlands [16, 18, 31], and
areas with coarse soil [25, 26, 31], but studies on ET esti-
mation for Indian tropical regions with distinct wet and dry
periods in the agriculture dominated watershed is limited.
Although, the White method is more straightforward and has
advantages, but consists of uncertainties reported in differ-
ent studies. This is mainly related to the specific yield cal-
culation [26, 32, 33] and consideration of smaller recovery
time intervals [34]. Thus, the White method was modified
by using the time-series function for a 24-h window, which
estimates ET; on a monthly and weekly interval concomi-
tant with water table fluctuations [34, 35].

In recent times, there has been an increase in the
availability of spatiotemporal data with the help of satellites.
The remote sensing approach provides long-term data (total
terrestrial ET, soil moisture, precipitation, and energy
fluxes), which can be further adapted to estimate ET. High
spatiotemporal resolution data provided by the satellites can
be used to quantify ET; on a much finer scale and more
accurately for a large area [8, 36, 37]. However, the direct
measurement of ET using remote sensing is difficult and
impractical except in arid regions [8, 38].

In this study, we applied the modified White method
to estimate groundwater evapotranspiration (ET) and
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compared it with the original White [24] model for per-
formance evaluation using diurnal water table fluctuation
data in agriculture-dominated tropical savanna regions
of Eastern India which is unexplored in the context of
groundwater evapotranspiration estimates. Additionally,
the use of remotely sensed soil moisture data with phys-
ical-based modeling was also adopted to determine the
ETg at various land use/land cover (LULC) classes over
the study basin to investigate spatially varying extinction
depths of ET for various LULC classes. In this process,
we also compared the efficacy of the White [24] and
modified White methods with the physical-based model
for ET predictions for agricultural lands. To the best
of the author’s knowledge, this investigation is the first
of its kind in an agriculture-dominated tropical savanna
region with a shallow water table condition in the Indian
subcontinent. The overarching objectives of the study
were to (i) conduct a performance evaluation of White
and modified White methods to estimate ET in agricul-
ture-dominated shallow water table conditions; (ii) com-
pare both empirical methods with physical-based model

prediction for agriculture land use; and (iii) determine the
spatial variability of extinction depths for ET for various
LULC classes.

Methodology
Study Basin

The study basin, Rana basin, is located in Eastern India at
the middle reach of the Mahanadi River basin extending
from 85°23'E to 85°38'E and 20°07'N to 20°25'N with an
area of 424.13 km? Fig. 1; [39, 40]. This basin underlies
the watershed of the last tributary of the Mahanadi River,
which is seasonal and flows from south to north. The selec-
tion of the basin was based on the climatic conditions,
LULC pattern, and depth to the water table [groundwater
level (GWL)] distribution. According to Koeppen’s clas-
sification, this region falls under the tropical savanna type
of climate with very hot temperatures in summer, ranging
between 35 and 40 °C, and the minimum temperatures are
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Fig. 1 Study groundwater basin with the LULC patterns, ED estimation locations, and observation stations (red circles): Observatory #1 and #2
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usually between 12 and 14 °C. The rainfall varies from
100 to 200 cm/year [41] with distinct wet and dry peri-
ods. Around 70% of the average annual rainfall occurs in
3—4 months of the year [42]. Surface water availability
is therefore limited to those 3—4 months of the monsoon
season followed by the dry season during the remaining
months of the year. Therefore, the only alternative left
is to use groundwater for agriculture as well as domes-
tic purposes. The observed data of GWL fluctuation in

Fig.2 The GWL seasonal vari-
ability in the Rana groundwater
basin. The rows a—d represent
the four different seasons,
namely winter (Jan. to Mar.),
pre-monsoon (Apr. to June),
monsoon (July to Oct), and
post-monsoon (Nov. to Dec.),
respectively. The blue circles
are the observation wells moni-
tored on a fortnightly basis
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46 observation wells showed that the GWL in the area
fluctuates between 0 to 12 m in the monsoon and 4 to 21
m in the non-monsoon periods [42]; Fig. 2. This tropical
savanna region gains water during wet periods (monsoon)
and loses water during drier periods (winter, post, and pre-
monsoon). Since there is a reasonable portion of the basin
with shallow GWL in the wet and dry period of the year,
estimation of ET; for such conditions is imperative, which
is limited due to the non-availability of suitable diurnal
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GWL data. The agriculture area covers approximately 73%
of the total basin area. The main crop grown in these areas
is rice (paddy). The agriculture here is primarily rainfed.

Data Used

Two observation wells were installed at Observatory #1
(20.367°N, 85.557°E) and Observatory #2 (20.439°N,
85.666°E) in the agricultural land use of the study basin
(Jena et al., 2021). This study utilized the groundwater fluc-
tuations observed for the year 2016 to estimate groundwater
evapotranspiration (ET5). GWL below ground level (m bgl)
were logged in 30-min intervals using conductivity, tempera-
ture, and depth sensors (CTD-10 Sensor, Decagon Devices,
2365 NE Hopkins Ct/Pullman, WA 99163, USA) that were
installed in two observatories developed in the aforemen-
tioned locations (Fig. 1). This data had a few missing val-
ues and needed to be pre-processed before using them for
analysis. Filling missing data was performed using a Fourier
transform approach which proved to have higher accuracy
than multiple imputations and expectation means for esti-
mating missing values [43]. In this study, MATLAB R2015a
was used to perform the computational part of the Fourier
transform method. Additionally, the distributed monitoring
of GWL at 46 observation wells was also carried out on a
fortnightly basis between 2015 and 2018 and was utilized
in this study. Figure 2 shows the seasonality in GWL of
the study basin. It can be very well felt that the GWL in
the study basin was shallower, and during monsoon, it was
within approximately 1 m bgl in the significant portion of
the study basin.

This study utilized the specific yield (Sy) values that
were determined through its own pumping test and
collected data from Central Groundwater Board (CGWB)
Bhubaneswar, Odisha, India, for the whole study basin
(Fig. 3). Specific yield values for Observatory #1 and
Observatory #2 were 0.31 and 0.35, respectively. Thus, in
this study, the more reliable solution for the estimation of
specific yield problems mentioned in previous studies has
been taken care of. Topsoil moisture data were obtained
from SMOS Level 2 soil moisture product with a spatial
resolution of 15 km [44], which was used in Hydrus
1D-based modeling. The weather data required were
obtained from the installed weather station in the two
observatories, such as solar radiation, temperature, and
precipitation.

Diurnal Water Table Fluctuation Method (White
Method)

As proposed by a study in 1932 [24], diurnal trends of
the water table from wells can be used to estimate the

consumptive use of groundwater by phreatophytes. As
plants transpire water during the day, causing an upward
flow of groundwater due to consumption by the plants which
is much more than groundwater recovery. This leads to the
decline of groundwater level. According to this method

ET; = Sy(24r +5) (D

where S is the specific yield, r is the rate of water table rise
at night-time (00:00 to 04:00) (mm h™'), and s is the net
change in water table over 24 h (mm).

The influx rate of groundwater throughout the day was
assumed as constant in this method. However, in real
scenarios, groundwater recovery rates vary within 24 h
[35], leading to uncertainties with this method. Majorly,
the methodology was conducted only for coarse sediments
such as sand and gravel [15, 26] and not for fine-grained
soil types. Also, when the land-use type is considered,
this method has been majorly implemented on wetlands
[6, 18, 28, 31], grasslands [15], and forests [32] but not
in agricultural-dominated areas. Initially, in the present
study, the monthly average ET values were evaluated
using the White method, and later in the study ET from
different methods was compared. The observed water table
fluctuation data for the study site was collected from the
two observatory wells as discussed in the data section for
the year 2016. The specific yield values used were 0.31 and
0.35 for two observatory wells respectively obtained from
pumping test and CGWB.

Modified White Method

Recently, a modified White method has been proposed
which expresses the groundwater with the periodic nature
of diurnal fluctuations in shallow GWL [34]. Most of the
previous literature is based on analyzing the GWL fluc-
tuations for wetlands but limited studies have focused on
the diurnal variation approach. Thus, the modified White
method [34] was applied in an agriculture-dominated shal-
low water table with tropical savanna climatic conditions
in this case study. The diurnal fluctuation offers a practical
and simplified alternative method for estimating ET. White
[24], initially established a relation between specific yield
and groundwater recovery to estimate ET;. White stated that
the time rate of change in groundwater storage in the vicinity
of the well is equal to the time rate of change in water table
depth times the specific yield [35]. This storage is controlled
by the net flow of groundwater to/from the vicinity of the
well [(#)] and the groundwater consumption rate ET5. Some
assumptions were considered in this study as recommended
by [35] to ensure the validity of Eq. 2. Quantification of ET
was done using the following governing equation suggested
by White:
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Fig.3 The spatial distribution of aquifer S, values obtained through
inverse distance weighted based interpolation of S, values obtained
from CGWB and our own pumping tests. The red triangles are the

S,dZ,,
dt

= r(t) — ET (1) 2)

where S is the specific yield; r is the groundwater recovery;
Z is the height of water table Eq. (1) is integrated over a time
interval At to solve for total ET:

ETG=S,(rg, £5) (3)
where ET; was the daily total ET; rate (mm/day), r,,, was
estimated between midnight and 4:00 A.M. as the hourly
rate of water table rise when transpiration was assumed to
be negligible, and s was estimated as the net rise or fall of
the GWL during the 24-h period (i.e., the daily change in
storage). Positive or negative signs in Eq. 3 were used when
the water table fell or rose, respectively.

Czikowsky and Fitzjarrald [45] studied diurnal
streamflow signals and suggested that the Fourier
methodology (a sine function) could further be used
to describe diurnal variations as a modification in the
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locations of CGWB with Sy values, and green circles present our
pumping test points (in the continuous monitoring observatories)

conventional White method. Soylu et al. [34] suggested
that the diurnal fluctuations often follow a periodic and
sinusoidal nature in shallow groundwater levels, which can
be represented in the sinusoidal wave function considering
the overall rise and fall in the groundwater table. In
the present study, the weekly and monthly ET; were
represented by the diurnal variations of groundwater. A sine
function defining the streamflow was presented as a time
series function (Eq. 4) by [45], and the various coefficients
were calculated by empirically fitting the data.

Z(1) = At + D + Bsin [w] @)

24

where Z is the discharge or stage (L),  is time (in hours, T),
A is the 3-day trend (LT™Y), D is the mean bias (L), B is the
diurnal amplitude (L), and E is the diurnal signal phase (T).

ET ;dt

S,AZ,, () = S,[Z,,0) -2, = / (r—ETg)dt = rAt — /
At At
)



Water Conservation Science and Engineering (2024) 9:4

Page70of15 4

! 27(t+E
Z(0) = Z, + Iyt — l/ ETdt = D + At + Bsin [M]
Sy 0

24
(6)
Using this approach, the estimation of ET; was done by
relating Eq. 5 to the governing equation for shallow GWL
fluctuations, Eq. 3. In Eq. 6, D represents the initial GWL.
The combined effects of both groundwater recovery and
plant transpiration are accounted for under the observed
water level At, whereas, the ET term fETGdt is represented
by the sine function. The water level trend was majorly con-
tributed by ET, depicting the whole trend as the result of
ET. The detrending process was executed on the water level
time series (removing D + At) in Eq. 6, which will remove
a significant share of the ET signal. After the detrending,
the term that remains on the right-hand side of Eq. 6 was
the sine function with amplitude B (peak-to-trough = 2B).
Equating the daily total transpiration to S(2B) might result
in a significant underestimation of ET. So a correction fac-
tor was introduced, i.e., scaling factor (k) is a function of
solar radiation. In this, the hourly solar radiation values were
accrued over multiple days, and the scaling factor was evalu-
ated [34]. The simplified ET5 model as a function of specific
yield and the scaling factors were established.

ET; = Syk(ZB) (7)

Weekly and monthly average ET; was estimated using
Eq. 7 and utilizing groundwater fluctuation data for the year
2016 at Observatory #1 and Observatory #2 wells where
the sensors were installed in the observation wells. The
obtained ET results of Observatory #1 and Observatory
#2 sites were compared with the crop evapotranspiration
(ET,) that was obtained using crop coefficient and potential
evapotranspiration (ET,). The Penman-Monteith equation
was adopted for the calculation of daily ET, that combines
the energy balance equation with mass transfer [46] The crop
coefficient (K,) value used was 0.75 for the rice crop and
sub-humid conditions [47]. Meteorological data (solar radia-
tion, minimum temperature, maximum temperature, mean
temperature, relative humidity, and wind velocity) were col-
lected from the weather station installed in the observatory.

Estimation of ET; and Extinction Depth Using
Physical-based Modeling

The Hydrus-based ET was also estimated using soil moisture
(SM) data obtained from SMOS Level 2 soil moisture products
with a spatial resolution of 15 km. The study considered four
soil layers at 0—10 cm, 10-30 cm, 30-60 cm, and 60—100 cm.
The vegetation root depth in the upper 1 m of soil varies with
land use type. Simulation using Hydrus-1D was performed
to estimate moisture variations in the soil profile [15, 48, 49].

Richard’s equation is used in Hydrus-1D model to simulate
the variably saturated flow. The equation is given as follows:

- 2[r(3 v

where h is water pressure head, 6 is volumetric water con-
tent, ¢ is time, x is spatial coordinate, f is angle between
the flow direction and the vertical axis, K is unsaturated
hydraulic conductivity, and S represents the sink term. The
Mualem-van Genuchten functions [15, 50, 51] were used
to describe the relationship between 6, K, and h. The sink
term “S” in Eq. 8 describes the volume of water removed
from a unit volume of soil due to plant water uptake and was
defined as follows [15]:

Sn = Sy ©9)

where a, is the root water uptake function and S, is the
potential water uptake rate. The potential rate characterizes
the water uptake rate when the plant is not experiencing any
stress, i.e., A is equal to one.

Vegetation extracts water for ET both from the vadose
zone and the saturated zone [52, 53]. It was assumed that
the total ET loss in the area is equivalent to the crop ET
loss determined using potential evapotranspiration. Thus,
it can also be said that total ET loss is due to ETg and
vadose zone contribution (VZET), which need to be evalu-
ated individually. Here, the VZET was estimated using
soil moisture (SM) data (Eq. 10) for the entire column
at different time steps and by subtracting two sequential
values of modeled SM [50]. The groundwater consumption
by vegetation is obtained as the difference between total
evapotranspiration and VZET Eq. 11.

Evapotranspiration or vadose zone loss:

VZC or ETL | t; = / model 42 | 1 — —/ model G2 | 1;
As As

10)

where 6, ,,; 1s the simulated water content at depth z from

the land surface at time ¢,. As is the length of a soil column.
GWC = TETL - VZC (11)

where TETL is the total ET loss; GWC is the groundwater
contribution.

Groundwater evapotranspiration for time interval At is
calculated as follows:

ET;=——
6= a7 (12)
The ratio of groundwater contribution to evapotranspi-
ration and crop evapotranspiration is calculated and the
depth at which the ratio is less than 0.5% that level of the
water table is said to be extinction depth (ED).

@ Springer
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Results and Discussion

Estimation of ET; Using White and Modified White
Method

The groundwater fluctuation data which was obtained
using the CTD sensors installed in Observatory #1 and #2
for the year 2016 was used to estimate daily ET. From
Fig. 4, it can be observed that there is an upward trend in
the groundwater level before and after the growing season
in the study region that starts in July and ends in Sep-
tember. During this period of July-September, the water
table rose to 3.5-4.5 m and from 3.5 to 7 m for Observa-
tory #1 and #2, respectively. In Oct-Nov, the transpiration
demands are satisfied by the surface and unsaturated zone
moisture as the GWL can be seen decreasing during this
period. Whereas, it can also be observed that during the
dry season of the year (February-April), great variation
in the GWL depth was observed between the two obser-
vatories, with Observatory #1 having a GWL of 3-5.5 m
whereas Observatory #2 with 7-8 m.

Initially, the ET for both stations was estimated using
the White (1932) method. The results obtained can be
seen in Fig. 5 with daily ET values for Observatory
#1 varied from 0 to 8.84 mm/day during Jan-Dec 2016
(Fig. 4). Similarly, at Observatory #2, daily ET; values
vary from O to 5.12 mm/day using the White method for
2016 (Fig. 5). The mean daily ET; value for Observatory
#1 and Observatory #2 was found to be 3.08 mm/day and
0.95 mm/day, respectively. In the growing season of India
(July-Oct), the ET values increased for both observato-
ries. The ET values are less for the dry periods of the
year, i.e., December and May-June for Observatory #1.
This method gave reasonable estimation for this study,
which is similar to the study by [31]. However, the model

struggles with fine-grain materials and the associated spe-
cific yield [31].

Further, the modified White method was implemented in
the study to estimate ET; on a monthly time scale. The sea-
sonal trend of ET values matches with the trend obtained
by the White method with lesser values of ET; during the
April-June (mostly dry) months of the year. The average,
maximum, and minimum ET values for Observatory #1
were 2.25 mm/day, 3.91 mm/day, and 0.84 mm/day, respec-
tively (Fig. 6). Similarly, at Observatory #2, the average,
maximum, and minimum monthly ET; values were 2.03
mm/day, 2.37 mm/day, and 1.74 mm/day, respectively. Sub-
sequently, similar to [28] the performance was compared
among the White and modified White methods.

Estimation of ET; Using Hydrus-1D

Using Hydrus-1D and remote sensing soil moisture turned
out to be a useful and convenient method for spatial analy-
sis of groundwater evapotranspiration (ETg) in the Rana
basin. The results showed that ET using Hydrus-1D
follows the pattern observed using the modified White
method. The average monthly ETg value for the year
2016 was obtained to be 2.82, whereas the maximum was
observed in the driest month of the year, i.e., April (5.03
mm/day), and the minimum monthly ET; was in Septem-
ber observed to be 1.68 mm/day (Fig. 7). The monthly ET
presented in Fig. 7 highly correlates with the wetting and
drying cycle corresponding to the tropical savanna climate
with monsoon as the major source. The study conducted
by [35, 37] has also a similar conclusion on the periodicity
of the estimation.

The spatial distribution of ET for eight different points
selected based on soil and land use type is presented in
Fig. 8. The figure illustrates that the average ET is low

Fig.4 Daily GWL (m bgl) for
the year 2016 at Observatory
#1 (blue) and Observatory #2
(orange)
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(1.5-2 mm/day) for the month of June-Sept (wet period),
which supports the fact that groundwater contribution will
be less to total ET. This period of monsoon is the cultivation
period of rice which has a maximum root depth of 60 cm
which will lead to more vadose zone contribution to total
ET. The values of ET vary with time and spatially due
to the heterogeneity of the study area. Maximum ETj; is
observed in the northern part of the basin which is near the
riverbank, for all three periods. The southern region of the

basin contributes very little to the ET. The major portion
of the basin has a continuous contribution to ET; owing to
the agricultural activities and shallow GWL (Figs. 2 and 8).
Comparing Figs. 2 and 8, it can be observed that there is a
spatial correlation between the GWL and the amount of ETg
been contributed by the areas with shallow GWL regions.
It can be observed from Fig. 8 that in the major portion of
the year, the southern regions of the Rana basin with deeper
GWL contribute the minimum to ET.

@ Springer



4 Page100f15

Water Conservation Science and Engineering (2024) 9:4

Fig.7 Monthly groundwater
evapotranspiration (mm/day) for
the year 2016 at Observatory

#1 station

Fig.8 Spatial distribution of
average groundwater evapotran-
spiration (mm/day) for the year
2016 in the Rana groundwater
basin
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A comparison of ETg from White, Modified White, and
Hydrus-1D is presented in Fig. 9. It was observed that the

@ Springer

White method was over-estimating in some months with
values higher than the Hydrus-1D ETg. This can also be
summarized by calculating the departure of White and
modified White ET from the Hydrus-based ETg; for the year
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Fig. 9 Groundwater evapotran-
spiration (ET() for the duration
of Jan-Dec 2016 at Observatory 6
#1 (monthly average) using
White, modified White, and
Hydrus-1D
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2016. The departure value obtained for the White method
is —0.603, as it is over-estimating. On the other hand, the
departure value is 0.56 for the modified White method.
This suggests that the modified White method performed
considerably better than the White method.

At Observatory #1, statistical comparisons of estimated
ETg and observed ET values were performed using the
coefficient of determination (R?) and RMSE values. The
modified White method produced higher R? values (0.88)
compared to the White method (0.40) for the weekly time
scale. The modified White method also reduces ET; RMSE
from 0.64 in the White method to 0.27. Thus, the results
indicate that the modified White method provides an
improved alternative to the White [24] method in estimating
groundwater evapotranspiration using GWL fluctuations in
agriculture-dominated regions.

The relationship between monthly averages of potential
evapotranspiration (ET,) and ETg is shown in Fig. 10 for
Observatory #1. It can be concluded from Fig. 10 that the
modified White method for Observatory #1 station gives
considerably accurate results as ET; obtained was nearly
50-70% of ET,, which is also the case for Hydrus-1D ETg
and is reasonable for the actual condition. Whereas, in
some cases the White method overestimated ET values,
resulting in undesirable results. It is also evident that the
pattern of estimated ETg and the potential ET has a strong
correlation. A similar relationship was also observed
for Observatory #2 with ET obtaining nearly 40-70%
of ET,. The percentage contribution of ETj to ET, was
observed to be significant and this may lead to prediction
uncertainty if the ET is ignored in the groundwater water
balance modeling.

Fig. 10 Monthly average evapo-
transpiration and crop evapo-

transpiration at Observatory #1 8
for the year 2016
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Estimation of Extinction Depth Using Soil Moisture
Data

The spatial variation of extinction depth for groundwater
evapotranspiration and GWL are presented in Fig. 11, and
it can be observed that during the pre-monsoon period,
i.e., January to May, the GWL was below the extinction
depth in the southern part of the basin, which indicated
that this area has negligible contribution to the ET. This
finding was also in line with the findings presented in the
“Estimation of ETG Using Hydrus-1D” section. A reverse

Fig. 11 Spatial distribution of
maximum extinction depth (m)
and average GWL (m) for the
year 2016 in Rana basin
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scenario was witnessed in the upper region, where the
GWL was shallower (1-3 m) than the extinction depth
(5-9 m) indicating the region’s contribution to the ET.
A similar condition was observed in the middle region
with a significant amount of ET contribution from this
region, which can also be seen in Fig. 7. During the mon-
soon period, i.e., the months of June-September, it always
contributes some amount to ET, but the value of ET; was
less as compared to another period of the year, as it was a
cultivation period of rice with a maximum root depth of
60 cm and water-logging condition, which leads to more
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vadose zone contribution than groundwater. High varia-
tion in extinction depth was found in the post-monsoon
period from October to December. It was also found that
the lower portion of the region which is a hard rock area
attained the extinction depth of 1-3 m, but the GWL is
much lower than that; indicating, less ET values in this
region. During the January to May period, the basin’s
southern region GWL was lower than extinction depth,
indicating no contribution to ET. The prior studies with
study regions having deeper GWL have also shown no
intersection of GWL and extinction depth producing simi-
lar contributions [15, 50].

Conclusions

Groundwater evapotranspiration for varying soil-LULC types
in tropical savanna with shallow water tables was analyzed
using White, modified White, and physical-based (Hydrus-1D)
approaches. Due to rainfall in the monsoon season, the GWL
of the region rises, and during the non-monsoon period, the
GWL declines. According to the White theory, the pattern of
diurnal fluctuations in the GWL was caused majorly due to
groundwater recovery and plant water use. This theory was
applied to estimate ET, and it is observed that the White
method sometimes overestimates the ET;, which may induce
uncertainty in groundwater flow models.

On the other hand, the modified White method gave
reliable and accurate results. The ET; obtained was nearly
50-70% of ET,. In the dry period, as the topsoil mois-
ture level was reduced, ETg values obtained were higher
than in the wet period of the year, showing lesser vadose
zone contribution and an increase in the consumption of
groundwater by the plants. In contrast, during the wet
period, the surface and vadose zone satisfy the transpira-
tion demands of plants. The modified White approach used
in this study had a higher R? value (0.88) than the original
White method (0.40) for a seven-day timeframe, improving
the accuracy of ET; estimation. The daily to monthly fluc-
tuations in ET can also be calculated using this method.

Physical-based estimation of ET using remote sensing
data produced reliable results for data-scarce and remote
regions. Extinction depth values that identified areas
contributing to ET showed large spatial variability. For
the Rana basin, the extinction depth ranged from 1 to 3 m
in certain areas with hard rock and from 5 to 9 m in other
parts. Conclusively, the adopted methodology can be applied
in similar hydroclimatic conditions, and the same can
contribute to a basin to regional-scale water management.
The modified White method can be a reliable, accurate,
and cost-effective alternative to data-intensive physical-
based approaches for the precise estimation of ET taking
monitored water table fluctuation data in the tropical savanna

regions with similar groundwater systems. Many vegetation
types with deep root systems depend upon groundwater for
their transpiration requirements, thus the investigation of the
groundwater consumed by vegetation as evapotranspiration
is necessary for the reliable management of groundwater
and overall water resources at a regional scale. The effects
of varying cropland over years where ET changes with
crop growth and irrigation schemes could be explored in
the future along with the inclusion of various soil properties.
Additionally, The reliability of the modified White method
for the deep-rooted forest covers of different categories will
be an interesting future study. Using remote sensing data is
reliable for data-scarce and inaccessible regions, which gave
considerable estimates for ET. Additional studies should
be performed to test these methods in different climatic
conditions. The framework proposed through this study for
shallow and agriculture-dominated regions is associated
with ground observations at high temporal scales, which is
often challenging for developing countries. However, the
magnitude of contribution the ET is making for total ET,
demands sagacious attention to the parameter.
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