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Abstract

Groundwater extraction has increased significantly in Nepal. In combination with climate change, this
might lead to accelerated groundwater resource depletion. No recent research has been done in the
assessment of these resources in the Banke district development area in the Terai. This study aims
to assess whether the intensification of extractions has led to a depletion of groundwater in the upper
aquifer. We investigated six local case studies during the dry season with a sole focus on the upper
aquifer. The hydrological fluxes were quantified at every location. Evaporation and recharge were
estimated using remote sensing data and locally obtained meteorological data. Domestic extractions,
irrigation return flow and irrigation extractions were approximated by fieldwork. The groundwater stor-
age change over the period was estimated using a recorded groundwater table time series and the
Water Table Fluctuation method. The net subsurface flow- and percolation were estimated by closing
the water balance for every case study. Subsequently, the fluxes at local case studies were extrapo-
lated using Groundwater Response Units. The groundwater table replenishment was estimated using
the relation between effective precipitation and groundwater levels over two years. The net extraction
from the groundwater was insignificant compared to the contribution of evaporation. The approximate
minimum precipitation needed for the monsoon season to recover the shallow aquifers after the dry sea-
son was on average comfortably exceeded over the last ten years. Thus, the groundwater resources
are currently not depleting due to the intensification of extractions in the upper aquifer. However, the
current extractions from deeper aquifers might decrease the pressure in deeper layers increasing per-
colation. Eventually, this endangers the groundwater resources in the upper aquifer. The limited num-
ber of measurements in deeper wells already indicated potential depletion in deeper layers. Further
research is therefore recommended in deeper aquifers.
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1
Introduction

1.1. Problem statement
Global groundwater withdrawal increased by around six times over the past century [49] where irrigation
currently accounts for roughly 70% of the total water extraction [16, 48]. This increase in groundwater
usage can be attributed to the widespread availability of electrical pumps. For instance, the Interna-
tional Energy Agency in Nepal witnessed a twelvefold increase in electricity consumption in the last
30 years in Nepal [39]. This elevated pump usage is beneficial for the everyday availability of ground-
water resources for domestic and irrigation purposes. However, if groundwater usage is not appropri-
ately managed, intensification of extraction could accelerate the depletion of groundwater [7]. Climate
change puts the groundwater resources even further under pressure [7]. Therefore, it is necessary to
be watchful for possible depletion in vulnerable regions.
In the Western Terai of Nepal, a low-lying agricultural region with high temperatures, irrigation is piv-
otal in protecting agricultural areas against monsoon variability [4]. Compared to irrigated areas, non-
irrigated areas show significant yield losses during the dry season [4, 51]. The Ministry of Energy,
Water Resources and Irrigation of Nepal sets targets to increase the coverage of year-round irrigation
from 18% in 2010 to 80% in the year 2030 nationwide in their ‘Irrigation Master Plan 2019’ with a par-
ticular focus on the Terai region [51]. In combination with the increased population, this led to a heavy
increase in domestic irrigation extractions.
Around the city of Nepalgunj, the capital of the Banke district in the Western Terai, the total proportion
of area dedicated to agriculture is around 80% [14]. The district ranks among the lowest in terms of
socioeconomic indicators and is therefore one of the main regions of interest for development aid na-
tionwide [51]. Groundwater is heavily used by inhabitants to satisfy their domestic and irrigation needs
[38]. Therefore, CIMMYT, a research- and development aid organization (Appendix A.1), is concerned
about the increased uncontrolled private pumping. The availability of groundwater resources might be
altered and lead to depletion [34]. Nonetheless, recent efforts to asses groundwater availability and
potential depletion in the Banke district are lacking.

1.2. Research objective
The overarching objective of this research is to aid CIMMYT and local authorities in understanding the
development area of the Banke district better. Therefore, an insight into the availability of groundwater
resources is crucial in their agricultural research. This study aims to assess whether the availability
of groundwater resources is diminishing due to increased extraction in Banke. Furthermore, it aims to
contribute to the existing literature on estimating these fluxes and ultimately the groundwater resource
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availability with limited data. To do so, the following research question is addressed:

“Are the groundwater resources in the agricultural and urban development areas of the
Banke district depleting due to the intensification of extractions from the groundwater?”

In order to answer the research question two parts of the question should be researched.

• “How can the fluxes in the area be quantified and what is the proportional contribution of extrac-
tions?”

• ”How well are groundwater resources replenished after the monsoon seasons?”

1.3. Approach
Depletion caused by extraction is most pronounced during the dry season due to the relatively minimum
levels of the primary fluxes recharge and evaporation. Hence, the research was conducted during the
peak of the dry season. An essential tool for assessing depletion is a water balance. A water balance
equals the inflows and outflows to the storage change in a system and is required to quantify the indi-
vidual fluxes influencing the groundwater. According to CIMMYT, there has not been a water balance
analysis specific to the Banke district. This signifies no local estimations for the groundwater fluxes
have been made so far. Formulating a complete water balance is thus crucial. At the same time, this
remains difficult for larger areas with limited data like in the Banke district [24].
In this research, we will start assessing the various water balance components for 6 representative
locations in the Banke district’s agricultural areas. The key components in these water balances are
evaporation, recharge, subsurface flow and groundwater extraction. Subsequently, these water bal-
ance components in the case studies will be extrapolated using groundwater response units. The
contribution of extraction to potential depletion can then be determined.
Net groundwater resource loss over a longer time signifies depleting groundwater resources [50]. There-
fore, the average yearly recharged volume should be more than the yearly lost volume on a longer term
to assess groundwater resource depletion. The main seasons are the monsoon and dry season in the
Banke district in the Nepal Terai. The monsoon season replenishes groundwater and the dry sea-
son decreases the groundwater resources. Effectively, we looked at whether the monsoon seasons
recharged more than dissipated during the dry seasons for a longer period.

1.4. Scope
This research specifically targeted the shallow unconfined aquifer of the defined area within the Banke
district. Deeper extractions are out of the scope. Furthermore, the Bhabar zone and different districts
were outside the scope.

1.5. Report structure
This report is structured as follows.
Chapter two provides a physiographic description of the study area within the Banke district, detailing
its topographic location within Nepal, subsurface geology, and land cover.
The third chapter focuses on methodology and begins with a description of the overall approach strat-
egy. It outlines how case studies were defined and utilized to identify present fluxes and quantify them.
Subsequently, it was elaborated on how the present fluxes were extrapolated to the whole region of
interest using groundwater response units to retrieve the proportion of the extraction flux. Finally, the
methodology to estimate potential groundwater depletion using seasonal groundwater table fluctua-
tions was given.
The next chapter describes the individual case studies, delineating their boundaries and offering de-
tailed area descriptions, extraction and irrigation patterns, and subsurface information for each location.
The fifth chapter, “Results”, presents the estimated quantification of the individual fluxes per location
with corresponding uncertainties. It extrapolates the fluxes spatially and evaluates associated uncer-
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tainties. Furthermore, it details seasonal groundwater recovery and decrease.
The discussion analyses the utilized methods, assumptions, parameter choices and findings. It draws
conclusions regarding the contribution of extraction, conducts an assessment of groundwater resources,
and deliberates on the study’s limitations and future recommendations.



2
Physiographic description

2.1. Topographic location
The study area is situated in southwestern Nepal (Figure B.1), known as the Western Terai region.
North of this area lie the impermeable rock formations of the Siwalki hills (Figure 2.1). Adjacent to the
Siwalki hills is the Bhabar zone, predominantly comprised of highly permeable materials [38]. The land
cover in the Bhabar zone consists of a continuous belt of forested area [19]. It is important to note
that lateral recharge via this zone is considered a significant contributor to groundwater recharge in the
Terai region [18, 38, 46]. The boundary of the study area coincides with the border of the Bhabar zone.

Figure 2.1: Longitudinal soil cross-section of the general subsurface of Terai regions in Nepal [38]. The red line indicates the
approximate area of the study area South of the Bhabar zone.
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Aside from the forested area delineating the Bhabar zone in the northeast, the study area is additionally
demarcated by the Phalgunj River in the northwest, the Rapti River in the southeast, and the Indian
border in the southwest (Figure 2.2). Encompassing a total surface area of 480.4 square kilometres,
this region stands as a defined geographical space for the study.

Figure 2.2: The study area within the Banke district in the Terai region of Nepal

2.2. Subsurface geology
A pronounced feature is the position of the alluvium in the subsurface in the Terai. The high variability in
seasonal precipitation intensity causes enormous temporal variability in sediment transport. Given that
the river systems in the Terai are among the most dynamic in the world [41], the variation in deposited
sediment types is considerable [44, 46]. Consequently, this led to significant spatial heterogeneity in
the subsurface top layer. Nonetheless, the heterogeneity in the whole Terai plain is of a similar sort.
Therefore, the subsurface is homogeneous in its heterogeneity (Figure 2.3).
The subsurface of the plain is generally more comprised of clay, silt, and fine sand than sand and gravel
[46]. The shallow aquifers have on average a thickness between 2 and 15 meters [46]. Regrettably, a
clear picture of the upper aquifer is not producible due to the limited available information and hetero-
geneity over space [46]. A clay layer can be found underneath this upper aquifer (Figure 2.3). This clay
layer was established as the natural border of the scope of this project because clay is an impermeable
texture class. Consequently, the study focused on the upper unconfined aquifer within the region of
interest.
The transmissivity in upper aquifers of the region is between 181 m2/d and 1030 m2/d, which is derived
from a limited number of pumping tests [46]. However, it remains difficult to spatially quantify exact
values for transmissivity and hydraulic conductivity due to the limited pumping tests and lithological
logs in the area.



2.3. Land use 6

Figure 2.3: Longitudinal cross-section of the subsurface in the Bardiya district adjacent to the Banke district [38]. The red line
indicates the border of the scope of the project

2.3. Land use
The West-Terai region is characterized by high temperatures and flat lands with relatively low elevation
(Figure B.2). Significant elevation differences in the study area are not present and therefore not fea-
tured in this report. However, there is a slight slope towards the South of the area. Within the study
area, both agricultural and urban development prevail as the dominant land uses (Figure 2.4). The
Nepalgunj sub-metropolitan area contains the highest percentage of agricultural areas of the 12 major
cities in Nepal [14]. In substantial rural segments of the region, residents contend with poverty and
rely heavily on crop farming for sustenance. Moreover, the urban expanse within the Banke district
has experienced significant growth in recent years. For example, in the Nepalgunj district alone, the
built-up area expanded tenfold within the past 24 years [42]
CIMMYT conducted 500 questionnaires to understand the local population better. On average, house-
holds in the Banke district consist of eight individuals, often due to families residing together for ex-
tended periods. These large families were consistently observed during fieldwork. Typically, house-
holds own approximately 1.1 hectares of land, which includes domestic farms for personal sustenance
and more commercialized farms focused on selling yields. Approximately 64% of the population own
shallow wells and the others possess deep wells. These deep wells are often used for irrigation while
the smaller wells are mostly used for domestic purposes. The depth of the wells also depends on the
permeability of the subsurface. A more permeable material means a shallower well. The median depth
of the domestic wells was 20 meters (Figure A.1). Around 39% of the participants used their wells to
irrigate their fields with groundwater. Among these farmers, the median irrigation depth during the dry
season was around 5 millimetres per day. This number appears to be trustworthy.
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Figure 2.4: Land use map of Banke district courtesy of the Survey Department of the Ministry of Land Management,
Cooperatives and Poverty Alleviation of Nepal [31]. Full size in Appendix C.4

2.4. Meteorology of the area
Nepal experiences seasonally great differences in precipitation. Multiple seasons exist but in this study,
we only looked at the monsoon season and the dry season, the latter of which is defined as the com-
bination of all the seasons outside the monsoon season. The monsoon season approximately starts
June 13th and ends September 23rd according to the Department of Hydrology and Meteorology (DHM)
from the Ministry of Energy, Water Resources and Irrigation of Nepal [15]. However, the exact start
and end dates vary annually. In the dry season, precipitation hovers around 100 millimetres while this
is around ten times larger in the wet season [11]. Actual evaporation in the area is in the dry season
around 400 millimetres and during the monsoon season a similar number [11], despite the dry season
lasting approximately three times longer. This can be attributed to the increased availability of water
during the dry season. It is important to note that the effective precipitation, defined as the precipitation
minus actual evaporation, is positive during the wet season but negative during the dry season. The
case studies in this research were done during the time frame from Mach 24th to June 4th. According
to the definition by the DHM the time frame was just before the start of the monsoon season. Nonethe-
less, because the seasons do not change abruptly but rather gradually, the time frame did capture
some more precipitation near the end of the measurement time frame.



3
Methodology

3.1. Approach strategy

Figure 3.1: Approach strategy to assess potential groundwater depletion due to intensification of extraction from the subsurface

This research adopted a method centred on estimating fluxes through representative case studies. Six
representative sites for field measurements were selected, defined within circular areas around local
out-of-use observation wells in the upper aquifer. The radius of this circle was determined via the imme-
diate cone of depression caused by representative extractions. Hourly groundwater table fluctuations
were measured using pressure devices positioned in observation wells at the centre of these areas.
These wells, while out-of-use, were unclogged to ensure the stagnant water level aligned with the
groundwater table. Simultaneously, a barometer recorded atmospheric pressure. The devices gener-
ated hourly time series from Mach 24th to June 4th, specifically during the dry season to emphasize the
relative extraction flux. These time series were used to calculate the total groundwater table decrease.
Analyzing local fluxes during the dry season involved hydrological data, extraction field research, and
water balance assessments, inspired by the Water Budget method [25]. Later sections elaborate on
how these fluxes were quantified and assumed to represent the broader study area. Subsequently,
these local fluxes were extended to the entire study area using groundwater response units to quantify
a representative flux for the whole region.
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Potential groundwater resource depletion was estimated using an additional method. The seasonal
groundwater table changes of the last two years were estimated by data from CIMMYT. By compar-
ing the recoveries between the two years, an estimation could be made for the effective precipitation
wherefore groundwater resources are recovered. Using data from the last ten years an assessment
can be made as to whether groundwater resources have been depleting.

One other approach, not pursued in this research, involves creating a regional groundwater model
structured around regional cross-sections. The model could extrapolate saturated hydraulic conductiv-
ity incorporating an uncertainty parameter by using lithological units from the available lithological logs.
Local groundwater table time series could be fitted in the model with hydrological information and avail-
able extraction pattern information. The potential of this model includes estimating flux contributions
to groundwater depletion and predicting seasonal groundwater fluctuations. However, spatially dis-
tributed extraction patterns were not available. This means that estimating the extraction flux correctly
would be difficult while this flux is the most crucial flux of the research. Additionally, extrapolation using
lithological units faced high uncertainty due to substantial spatial heterogeneity in the upper aquifer and
limited lithological logs. Hence, the approach based on representative case studies was pursued.

3.2. Area definition
The area surrounding each case study was delineated as a circular zone around the observation wells.
This approach aimed to confine the analysis to the immediate vicinity of the wells, minimizing exter-
nal influences from design choices. To enhance manageability and consistency, a uniform radius was
applied across all case studies. The radius was determined using the capture zone of the well, approx-
imated using the influence of the cone of depression as a function of the radius from a pumping test.
A homogeneous subsurface was desired to perform pumping tests because homogeneity in the sub-
surface gives more representative estimates for the hydraulic conductivity and the storage coefficient.
Consequently, local subsurface characteristics were estimated based on nearby out-of-use well depths
and groundwater table data in every case study. Pumping tests were performed at the locations ex-
hibiting the highest homogeneity in the local subsurface, with an adjacent well to facilitate these tests.
Water pressure devices were installed in the observation wells alongside activating a pump in a nearby
well. The pressure devices recorded the drawdown during pumping and the groundwater recovery after
pumping. An analytic elements method, as detailed in the work by Kruseman and de Ridder [29], was
employed to determine suitable hydraulic conductivity (k) and storage coefficient (S). The transmissiv-
ity T was determined by multiplying the hydraulic conductivity with the aquifer thickness, assuming the
aquifers at the locations were unconfined.
The Theis solution, a widely employed analytical model in groundwater hydrology [45], was utilized to
estimate the immediate cone of depression for wells in the most adverse conditions (Formula 3.1). This
model was chosen due to its frequent application in groundwater hydrology, ensuring consistency with
established methodologies [20].

h = − Q

4 ∗ π ∗ T
∗ E1(u) for t > t0 (3.1)

where E1 is defined as the exponential integral and parameter u as:

u =
S ∗ r2

4 ∗ T ∗ (t− t0)
(3.2)

The cone of depression provides a relationship between the drawdown of the groundwater tables and
the distance from the well. We established the border of the case studies as the radius where the
drawdown reached approximately one-tenth of the drawdown just outside the observation well during
the most adverse conditions. This radius, determined by the case studies with relatively homogeneous
subsurface, was presumed to be representative of all case studies. The area within the borders of all
case studies will be denoted as AFocus.
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3.3. Water balance
The fluxes in the general system in the case studies are transpiration, recharge, extraction, subsurface
flow, percolation and irrigation return flow (Figure 3.2). Second-order effects like deep extraction or
deeper-layer subsurface flow were neglected because they were in a deeper aquifer and thus outside
the scope of this study. Actual evaporation during precipitation and irrigation is also a second-order
effect but was included because these quantifiable fluxes directly influence the recharge flux and ir-
rigation return flow flux. The subscript at every flux indicates for which case studies the fluxes were
relevant. Return flow and actual evaporation from irrigation were only present at locations four and five.
These were the sole case studies that contained irrigated areas within their boundaries.

Figure 3.2: General conceptual diagram of the groundwater balance in the upper unconfined aquifer at the case studies

A volume water balance of the system was formulated (Formula 3.3) using the fluxes (Table 3.1) and
focus area AFocus. This was done by taking the sum of the volumes entering and leaving the ground-
water table.∑

VRch +
∑

VExtr +
∑

VRet−Flw +
∑

VTrans +
∑

VSSF−Perc = ∆VStorage (3.3)

Flux How to treat

Recharge Recharge was estimated by calculating effective precipitation using local
station data. The flux was later compared to recharge estimations using
the Chloride Mass Balance (CMB) method.

Extraction The daily domestic extractions and extractions for irrigation were estimated
using local research and summed per location.

Irrigation return flow Irrigation return flow was estimated by using locally collected irrigation pat-
terns and potential evapotranspiration data.
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Flux How to treat

Transpiration Transpiration was estimated as evaporation that was not due to irrigation
or precipitation. Subsequently, a crop factor was estimated per case study
to verify the flux using literature.

Net sub-surface flow
and percolation

This flux combined percolation and subsurface flow. The net contribution
of the flux closed the groundwater balance.

Table 3.1: Brief description of present fluxes at the case studies

Assumptions
Precipitation run-off and river discharge were assumed negligible within the study area during the mea-
surement time. Additionally, throughout all case studies the aquifers were presumed shallow. These
assumptions will be verified in Section 4.1. The aquifers were also assumed to be unconfined, an as-
sumption that will be verified in Section 5.5. While the vadose zone was not separately featured within
the research, its influence on transpiration and infiltration time lag was factored into the flux assess-
ments.

3.4. Recharge
The recharge flux was deemed equivalent to effective precipitation since the run-off of precipitation was
neglected. Hence, the product of effective precipitation PEff and the focus area AFocus equated to the
recharge volume flux (Formula 3.4). Precipitation is denoted by P and the potential evapotranspiration
by ET0. The actual evaporation was considered equal to potential evapotranspiration data during pre-
cipitation events. This assumption implies that water transpires normally once the precipitation events
conclude.

VRch = PEff ∗AFocus = (P − ET0) ∗AFocus (3.4)

Precipitation data
Precipitation events varied locally, as observed during fieldwork where rain gauges indicated signifi-
cantly different fill levels across the case studies. Consequently, hourly precipitation data from three
district locations was acquired from the Ministry of Hydrology and Meteorology (Figure B.3). The data
spanned from the 4th of February to the 5th of June. This encompasses a period extending more than
a month before the water pressure device started measuring and a day after the last measurement of
the pressure devices. To refine the dataset, unreliable data was filtered out (Appendix A.2) by examin-
ing the double mass curves of the hourly data (Appendix B.4 and B.5). Subsequently, to estimate the
most representative combinations of precipitation data, the quadratic inverse distances between case
studies and the most relevant stations were utilized (Appendix A.2). This method helped in estimating
the most suitable precipitation data sets for each case study.

Evaporation data
Evapotranspiration data encompassing the relevant time frame between the 24th of March and 4th
of June was obtained from the Ministry of Hydrology and Meteorology. We acquired minimum/max-
imum daily air temperature, minimum/maximum daily relative humidity, daily average wind speed at
ten meters height, daily solar radiation and daily hours of sunshine from two measuring stations (Ap-
pendix B.6). Corrections were applied to rectify missing data, and adjustments were made to align data
frequencies (Appendix A.2). Subsequently, the Daily Potential Evapotranspiration (ET0) calculator de-
veloped by the Food and Agriculture Organization (FAO) [32] was used. The psychrometer coefficient
was assumed to be 8E-4 which assumes a naturally ventilated area and was the default constant by
the calculator. The daily potential evapotranspiration was subsequently converted to hourly data using
the hourly solar radiation data. Finally, the data was spatially distributed using the quadratic inverse
distance between stations and locations (Appendix A.2).
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Chloride Mass Balance method
The chloride mass balance (CMB) method offers an alternative approach to estimate groundwater
recharge [6, 9]. This method compares the fraction of infiltrated rainfall to the evaporated water [54].
The re-irrigation of water was assumed to not affect concentrations. Additionally, all chloride within the
aquifers was assumed to be derived from atmospheric sources. Both are conditions to use the CMB-
method [5, 12, 24]. Effectively, this means there should be negligible runoff and chloride concentration
was not gained or lost within the subsurface [1]. The CMB-method estimates yearly recharge (Equation
3.5) [1, 6, 12, 24].

RRch−An = PAn ∗ CP

CGW
(3.5)

The equation presented defines R as the mean annual recharge, where PAn represents the mean
annual precipitation, CP denotes the mean chloride concentration in precipitation, and CGW signifies
the mean concentration in the groundwater at a specific case study. Precipitation data utilized for the
CMB method was sourced from CHIRPS [11]. The chloride concentrations in the groundwater were
measured at least eight times in all case studies. The pore volume, which is the stagnant water in
the tube wells, was removed twice, ensuring the accuracy of the samples. The concentration in pre-
cipitation was determined by sampling precipitation using rain gauges. The atmospheric sources for
chloride were assumed to not vary over space. Therefore no difference between the samples was
assumed for the chloride concentration in precipitation. All collected samples were processed at the
Environment Research Laboratory in Kathmandu, where chloride concentration and electrical conduc-
tivity were measured (Appendix C).

The mean annual recharge was estimated through interpolation using precipitation data to approximate
the recharge within the measured time frame (Formula 3.6). This estimation was based on the assump-
tion that the time-proportional recharge equalled the time-proportional precipitation. This assumption
is rough because, during the monsoon season, the run-off is not negligible even though this is a re-
quirement for the method. The calculated recharge via the CMB method was then compared to the
recharge calculated using effective precipitation. This comparison aimed to assess the consistency or
disparity between the estimations derived from the two methodologies.

VCl−Rch = RRch−An ∗ PDry

PAn
∗AFocus (3.6)

3.5. Extraction
Extractions exist of two main parts, namely domestic extractions and extractions for irrigation. Within
the border of every case study, all actively used domestic groundwater taps were identified andmapped.
Taps situated beyond these borders were excluded from the scope of the case study. Local field re-
search was performed to quantify the average daily consumption by the owners of these domestic taps.
The consumption for residents and cattle was assessed separately, enhancing the estimation accuracy
by generating multiple results. The volume of buckets or pots was used if the residents were unable to
estimate the volume units themselves. When applicable, irrigation estimates were obtained with input
from respective farmers. Only irrigation activities within the border of the case study were in the scope.
The total extracted volume was estimated by summing the extractions for consumption and irrigation
within the case study areas (Formula 3.7). This method facilitated the comprehensive assessment of
total extracted volumes for both domestic use and irrigation within the defined case studies.∑

VExtr = −
∑

VQi
−

∑
VQExtr−Irri

(3.7)
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3.6. Irrigation return flow
Irrigation by farmers results in evaporated water and return flow to the subsurface. The amount of
water returning to the groundwater table is the so-called field efficiency and replenishes the upper un-
confined aquifer with water. Irrigation return flow is zero if all irrigated water evaporates. Otherwise,
the return flow is the amount of irrigated water minus the evaporated water (Formula 3.8). The actual
evaporation was considered equal to the potential evapotranspiration during the irrigation event for the
irrigated area. Additionally, it was presumed that the irrigated water was uniformly distributed across
the agricultural lands.

VRet−Flw = max{0, QExt−Irri

AFarm
− ET0} ∗AFarm ∗ t (3.8)

3.7. Transpiration
The flux of transpiration comprises direct evaporation from bare soil due to capillary rise and the pro-
cess of plants drawing water from the groundwater table, subsequently transpiring it. The rate of this
evaporation is contingent on the potential evapotranspiration and land cover characteristics influenced
by various factors such as upper aquifer traits, temperature, precipitation and depth of the groundwater
table depth. The flux was estimated by reversing the evaporation sum (Formula 3.9).∑

VTrans = −(
∑

VETa −
∑

VETRch
−

∑
VETIrri

) (3.9)

Actual evaporation ETa was estimated utilizing the operational Simplified Surface Energy Balance
(SSEBop) model, leveraging data from the Visible Infrared Imaging Radiometer Suite (VIIRS) provided
by the U.S. Geological Survey. Furthermore, evaporation during precipitation events was calculated
by reversing the volume balance of effective precipitation (Formula 3.10).∑

VETRch
=

∑
VPrec −

∑
VRch (3.10)

The evaporation during irrigation was calculated by reversing the volume balance of irrigation. Evapo-
ration during irrigation only occurred at locations four and five and was non-existent in the other case
studies within the time frame.∑

VETIrri
=

∑
VExt−Irri −

∑
VRet−Flw (3.11)

Crop factor
The crop factor describes the proportional effect of potential transpiration versus actual transpiration
from the groundwater table [2]. The factor works well for areas with shallow groundwater and negli-
gibly small runoff [8, 53]. The crop factor was assumed to stay constant over time and thus neglects
the influence of land cover changes over time. The crop factor f was calculated by dividing the actual
transpiration by the potential transpiration (Formula 3.12).

f =

∑
VTrans∑

VTrans−Pot
(3.12)

The potential transpiration is defined as the potential evapotranspiration outside precipitation and ir-
rigation hours. Because actual precipitation and irrigation evaporation were assumed to be equal to
the potential evapotranspiration during irrigation hours, the precipitation and irrigation fluxes can be
subtracted without a compensating factor.∑

VTrans−Pot = −(
∑

VET0 −
∑

VEvap−Rch −
∑

VEvap−Irri) (3.13)

Validation using crop factor
The validation of the crop factor involved comparing obtained values against literature-based refer-
ences. To achieve this, we estimated an anticipated range for the crop factor per case study following
FAO guidelines (Table 3.2) [2]. The Terai region has a sub-humid climate and crops were assumed
to be in the middle of the growing cycle. Moreover, we assumed all grass represented turf grass and



3.8. Storage change 14

trees were akin to rubber trees. Areas covered by roofs and pavement were presumed to have a crop
factor of zero. Deriving the estimated range of crop factors was based on a visual assessment of land
usage per specific location (Appendix D).

Land use Crop factor f

Roofs and roads 0
Bare soil 0.15 - 0.20
Grass 0.80
Rubber trees 0.90
Sweet corn 1.10

Table 3.2: Typical crop factors of different land use types [2]

3.8. Storage change
Specific yield is necessary to translate groundwater table decrease into a storage change. The water
table fluctuation (WTF) method was employed to estimate the specific yield (Formula 3.14) [1, 24]. This
method relates the effective precipitation to the actual groundwater table increase using the specific
yield. This assumes the rise of the water table results solely from precipitation [26]. This condition was
always met by using the derived recharge contribution to the groundwater table. The WTF-method
prerequisites an unconfined and shallow aquifer, which were assumed in our study [1, 24].

Sy =
PEff

∆HRch
(3.14)

The specific yield is represented by Sy. The ∆HRch symbolizes the difference between the lowest
point of the extrapolated antecedent recession curve of the recharge contribution at the time of its peak
and the recharge contribution at its peak [1, 24]. The contribution of recharge was fitted to the mea-
sured groundwater table time series using the Python package Pastas (Appendix A.3) [8]. This Python
package fits hydrological data to a groundwater table time series. The required data was potential
evapotranspiration, precipitation and a trend representing extractions, subsurface flow and percolation.
Through this, we estimated the recharge contribution fitted to the measured groundwater table time se-
ries. The groundwater storage change ∆VStorage was calculated over the time frame of interest using
the measured groundwater table H in the time series and the specific yield (Formula 3.15) [24]. The
specific yield was assumed to be equal to the effective porosity in the unconfined aquifers.

∆VStorage = (Ht=n −Ht=0) ∗ Sy ∗AFocus (3.15)

3.9. Sub-surface flow and Percolation
Subsurface flow
Lateral subsurface flow is caused by a difference in water pressure in the subsurface, where ground-
water moves toward areas of lower pressure. This lateral flow is from a shallower groundwater table to
a deeper groundwater table (Formula 3.16) [3]. The two-dimensional subsurface flow flux is calculated
via the transmissivity denoted by the T and the slope of the groundwater table i. However, obtain-
ing a consistent groundwater slope for the case studies was challenging due to local heterogeneities
and limited available information. Therefore, an alternative approach was used to approximate this flux.

qSSF = T ∗ iGWT (3.16)

Percolation
Percolation represents the vertical subsurface flow, often directed towards a deeper aquifer. This flux
occurs due to pressure discrepancies between two aquifers. In certain locations, farmers extracted
groundwater from deeper aquifers, reducing the pressure within those deeper layers. Consequently,
this increased the pressure contrast between the upper and lower aquifers, facilitating flow through
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the leaky layer separating the two aquifers. However, due to limited subsurface information and its
heterogeneity, it was cumbersome to specify where and if these aquifers and leaky layers exist, how
thick or impermeable the layers in between the aquifers are and how these aquifers develop in space.
As a result, estimating this flux required an alternative approach.

Net sub-surface flow and percolation flux
The two unknown fluxes in the groundwater balance were the subsurface flow and percolation. Com-
bined, these two unknown fluxes close the groundwater balance. The fluxes were combined because
the fluxes could not be quantified individually and were thought to be of minor importance in answer-
ing the research questions. The net subsurface flow and percolation flux (VSSF−Perc) combines similar
fluxes because both fluxes represent flow due to the pressure differences in the subsurface. Effectively,
the lateral and vertical groundwater flow were amalgamated. Note that this flux gives a total volume
over the entire time frame. Consequently, temporal-specific information cannot be retrieved, unlike
most other fluxes. Therefore, the flux is defined as the net sum of subsurface flow and percolation.∑

VSSF−Perc = ∆VStorage −
∑

VExtr −
∑

VRch −
∑

VTrans −
∑

VRet−Flw (3.17)

3.10. Extrapolation of fluxes in space
Groundwater Response Units (GRU) were used to extrapolate the six locations to the entire study area.
While Hydrologic Response Units have established methodologies for classification [13, 21, 30], GRUs
lack a formal delineation framework [40]. Despite this, GRUs often consider key factors such as cli-
mate, recharge dynamics, and groundwater utilization in their delineation process [40]. In this study,
delineation was based on three pivotal fluxes: evaporation, recharge, and extraction. These fluxes
were used as defining parameters to categorize and extend findings across the study area.

3.10.1. Characterizing response units
Using the Polygon Divider (an extension tool within Qgis), the region of interest was divided into poly-
gons, hereafter response units, with approximately the same area as AFocus. This tool divided the
area into 69383 response units with a mean area of 7854 m2 and a standard deviation of 1.4%. These
response units were then each allocated a normalized value ranging from zero to one for recharge,
evaporation, and extraction.

Recharge
Initially, recharge was assigned to every response unit. Recharge depends on soil infiltration rate and
precipitation [23]. The Normalized Vegetation Difference Index (NVDI) is positively correlated with soil
infiltration rate [33]. Therefore characteristic recharge for all units during the relevant time frame was
determined using NVDI and the sum of spatial precipitation. The Normalized Vegetation Difference In-
dex quantifies vegetation by calculating the difference in reflection between near-infrared and red light
[22]. We used spectral information from Landsat 5, 7, 8 and 9 provided by the U.S. Geological Survey
to assess average vegetation cover during the study period (Appendix B.8). The precipitation distribu-
tion (Appendix B.7) was determined by the sum of CHIRPS rainfall estimates over the time frame of
interest [11]. Eventually, the characteristic precipitation (Formula 3.18) and NVDI values per response
unit (Formula 3.19) were normalized between zero and one at the 2.5% distribution tails. This particular
normalization process was crucial to avoid skewed distributions (Appendix A.4). Values exceeding the
thresholds of 0 and 1 were set to 0 and 1 on the lower and upper boundaries, respectively.

PNorm =
PGRU − P2.5−percentile

P97.5−percentile − P2.5−percentile
(3.18)

NVDINorm =
NVDIGRU −NVDI2.5−percentile

NVDI97.5−percentile −NVDI2.5−percentile
(3.19)
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Subsequently, the normalized NVDI and precipitation were summed (Formula 3.20) and normalized
again (Formula 3.21). This ensured every response unit to be allocated a normalized recharge value
between 0 and 1.

RNorm = PNorm +NVDINorm (3.20)

RNorm =
RGRU −R2.5−percentile

R97.5−percentile −R2.5−percentile
(3.21)

Evaporation
Secondly, evaporation was assigned to every response unit. Spatial evaporation was estimated using
the operational Simplified Surface Energy Balance (SSEBop) model (Figure B.9). This model utilized
the Visible Infrared Imaging Radiometer Suite (VIIRS), courtesy of the U.S. Geological Survey, to es-
timate actual decadal evaporation data. No adjustments for land cover were necessary as this data
provided an estimation of actual evaporation. All values across response units were normalized to
acquire relative values between zero and one for each unit (Formula 3.22). The 2.5% distribution tails
on both sides of the distribution were again replaced with zeros and ones (Appendix A.4).

EvNorm =
EvGRU − Ev2.5−percentile

Ev97.5−percentile − Ev2.5−percentile
(3.22)

Extraction
Thirdly, extractions were assigned to every response unit. The spatial distribution of extractions was
approximated based on population densities, assuming a proportional relationship between consump-
tion and the number of people residing in an area. The field locations were considered representative
of scaling this assumption. By normalizing the population densities and removing the distribution tails
(Appendix A.4) a representative normalization for extraction was found between zero and one (Formula
3.23). The population data was retrieved from ‘Dataforgood’ which is an initiative from Facebook [17].

ExNorm =
PopGRU − Pop2.5−percentile

Pop97.5−percentile − Pop2.5−percentile
(3.23)

Ultimately all response units contained normalized characteristic values between zero and one for
recharge, evaporation and extraction.

3.10.2. Assigning response units
Normalized values for these fluxes were also calculated for the focus areas of the case studies AFocus.
This again required NVDI, precipitation, evaporation and population data. The six locations were nor-
malized using the tails of the distribution of the response units as well. Subsequently, a similarity score
was calculated between the response units and every field location (Formula 3.24). Every response
unit thus got a similarity score for each case study. Subsequently, every response unit was assigned
the case study with its highest resemblance score. Eventually, every unit was treated identically to their
assigned field location.

SLoc−i = 1−
√
(RLoc−i −RRes−Unit)2 + (EvLoc,i − EvRes−Unit)2 + (ExLoc−i − ExRes−Unit)2 (3.24)

3.10.3. Scaling using response units
Each response unit was treated identically to its assigned case study, inheriting the characteristic con-
tribution of fluxes from the corresponding case study. This was achieved by aggregating the areas of all
response units assigned to each unique case study. Consequently, the aggregated areas each corre-
sponded to one of the case studies. These aggregated areas were then multiplied by the contributions
per square meter specific to the corresponding case study. The total extraction volume of all locations
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similar to location i was calculated according to Formula 3.25. The summed areas of response units
treated the same as location i were denoted with ALoc−i.

VExtr−Loc−i−Sum = VExtr−Loc−i ∗
∑

(ALoc−i)

AFocus

(3.25)

The total extraction flux (Formula 3.26) of the whole study area was subsequently calculated by sum-
ming the extractions of all six field locations. The other fluxes and volume storage change were calcu-
lated using the same described method.

VExtr−Total =

n=6∑
i=1

(VExtr−Loc−i−Sum) (3.26)

The extraction contribution percentage was determined by dividing the flux by the total storage volume
change in the entire area (Formula 3.27). This calculation method was applied to the other fluxes as
well.

pExtr =
VExtr−Total

∆VStorage
∗ 100% (3.27)

3.11. Groundwater trend
Annually, precipitation intensity is more significant in the monsoon season than in the dry season. Dur-
ing the monsoon, the groundwater table tends to recover, while in the dry season, it experiences a
decline. For the last two years, CIMMYT has been monitoring groundwater tables at 22 shallow lo-
cations with a monthly interval (Appendix B.9). These observations spanned both dry and monsoon
seasons twice. The hydrological start and end of the season were determined using precipitation inten-
sity. The start of the monsoon season was defined as the middle day in the first seven consecutive days
of the year where it precipitated a minimum of 40 millimetres. The end of the monsoon was defined as
the first day of 21 consecutive days without more than 20 millimetres of precipitation. The start and end
of the dry season were determined in an identically but reversed manner to the monsoon season. The
relation between the seasonal effective precipitation and groundwater level decrease was analyzed for
the 22 shallow wells. Additionally, the relation between effective precipitation and groundwater level
at the end and start of the seasons was examined. Effective precipitation was defined as CHRIPS
precipitation minus remote sensing actual evaporation.

3.11.1. Dry season
Relative between two dry seasons, more effective precipitation should lead to a decreased loss of
groundwater resources during the dry season. If this relation was distinguishable the groundwater ta-
ble decrease in the dry season is dominantly dependent on precipitation and evaporation. If there is
no correlation, the groundwater table decrease was significantly caused by other fluxes as well, for in-
stance, annual variable extraction or subsurface flow. The second examination focused on observing
potential annual trends in groundwater table levels at the end of each season. This approach aimed to
discern patterns or variations in the groundwater table over successive years.

3.11.2. Monsoon season
Analyzing the relationship between effective precipitation and groundwater recovery post-monsoon was
aimed at understanding the impact of increased effective precipitation on the strength of groundwater
replenishment. Increased effective precipitation was expected to lead to a strengthened groundwater
recovery. The recovery occurs until a certain threshold is reached. The excess effective precipitation
then runs off to rivers and does not replenish the groundwater resources anymore. When this occurs,
groundwater resources are fully replenished. Ultimately, if more effective precipitation does not lead
to an increased groundwater recovery between the monsoon seasons, nothing would suggest ground-
water resources were depleting. The relation between effective precipitation and groundwater levels
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at the end of the monsoon season was analyzed to compare the groundwater levels between the sea-
sons. Whether groundwater tables stay constant through the years or whether groundwater resources
are replenished at a lower depth can be distinguished. The latter would effectively still deplete the
groundwater resources. If both levels are approximately the same at the end of the seasons, nothing
suggests that the saturated groundwater level yearly decreases. Additionally, the precipitation in the
last two years was compared to the last 10 years. Groundwater resources did not deplete in the past
if the seasonal average effective precipitation remained approximately the same. This analysis was
performed to make sure that the last two years were not outliers regarding precipitation.



4
Case studies

4.1. Field locations
The six case studies were numbered one through six and the barometer was numbered seven (Figure
4.1). The coordinates can be found in Appendix A.5. The barometer was strategically positioned in
the middle of the other pressure devices to minimize the spatial atmospheric pressure error. The case
studies were selected in such a way that the most different types of terrain were included. Three
locations in Northern parts close to the Bhabar zone and three more Southern locations were selected.

Figure 4.1: Study area with the locations of the pressure devices numbered one through six and the barometer numbered
seven. Exact coordinates in Appendix A.5

19
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Location one was selected in a flat region with relatively low vegetation and sparse population. Location
three was also opted to be in a flat and urbanized area with low vegetation. Location four was selected
to be in a flat, sparsely populated and heavily vegetated area. Locations two, five and six were opted
to be close to the Bhabar zone with respectively considerable urbanization, negligible urbanization and
moderate urbanisation. The locations were not spatially distributed evenly over the area because of
limited resources and accessibility of the Western parts of the Banke District. Ultimately, the case
studies represent the present specific land cover types in the study area as best as possible and were
therefore assumed representative.

Assumptions
The groundwater table in the observation wells ranged from 3 to 8 meters below the surface. In lit-
erature, groundwater depths between zero and nine meters were defined as groundwater in shallow
aquifers [24, 35, 36, 47]. Therefore, it is fair to treat the aquifers in the case studies as shallow as
well. Ground surface slopes appeared to be negligible and no signs of surface runoff were found in
the study area. Furthermore, precipitation events were infrequent during the measurement time. This
results in empty pore spaces during the dry season. Empty pore spaces result in more infiltration and
thus less run-off [47]. Given these circumstances, runoff was deemed negligible during the time frame
from March 24th to June 5th. This conclusion was supported by the absence of noticeable river supply,
confirmed through both visual inspection and field expeditions, where river discharge was consistently
observed to be minimal.

4.2. Borders case studies
Two pumping tests were performed at locations three and four because these locations were judged
to be the most suitable for pumping tests (Figure 4.2). The case studies were most suitable because
an adjacent pumping well was present close to the observation wells and the subsurface appeared to
have a relatively homogeneous subsurface at these locations. Further details regarding their selection
and assessment will be provided in this chapter.

(a) Case study 3 (b) Case study 4

Figure 4.2: Two pumping tests performed using the observation well and the pumping domestic well Q1

The pump at location three pumped for 83 minutes and the pump at location four for 146 minutes with
discharge Q. The drawdown and recovery in the observation well were recorded and the saturated
hydraulic conductivity and specific storage were determined using an analytic elements method (Ta-
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ble 4.1) [29]. Although there were potential background extractions during the test at location three,
their impact on determining hydraulic conductivity and transmissivity seemed minimal, leading to their
neglect for simplicity without compromising representativeness. The radius of both observation wells
was 0.02 meters. A maximum of 13 consecutive hours per day were used for pumping which is an
estimate based on the irrigation patterns. The cone of depression, calculated using the Theis solution,
gave a function for the drawdown of the groundwater table as a function of the radius from the well. A
comparison between the drawdown at a radius of 50 meters and at 0.05 meters from the well indicated
a tenfold difference at location three and an 8.5-fold difference at location four. Considering these dif-
ferences under the most critical extraction conditions, the 50-meter range was deemed appropriate for
analysis across all locations, defined as AFocus, with an area equivalent to 7854 m2 due to the circular
shape of the area.

Location Hydraulic
conductivity
[m/s]

Transmissivity
[m2/s]

Storage
coefficient [-]

3 3.8 ∗ 10−5 2.9 ∗ 10−4 3.3 ∗ 10−3

4 1.3 ∗ 10−5 1.5 ∗ 10−4 1.2 ∗ 10−3

Table 4.1: The hydraulic conductivity, transmissivity and storage coefficient from the pumping tests performed in the
observation wells at case studies three and four

4.3. Case study one
Area description

Figure 4.3: The schematic drawing of case study one. The red circle depicts the 50-meter border of the area. The numbered
subscripts of Q denote domestic extraction wells and the irrigation well is the regional well used by farmers. The texts

agriculture and urban describe land use. Finally, cross-section A-A’ captures three additional wells with lettered subscripts of Q
to visualize the subsurface.

Location one was selected in the middle of the study area in the agglomeration Khajura Khurda (Figure
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4.3). No major year-round rivers flow near this area. The terrain consists of bare agricultural lands
with small houses, a road through the town, some grass and thinly scattered trees (Appendix D.1).
Considering the land cover, the estimated crop factor fell within the range of 0.25 to 0.50. The roads
were depicted in the sketch and the symbols of urban and agriculture refer to the land cover. The label
’Urban’ was given if areas of land were paved or urbanized. Bare lands that were normally dedicated to
agriculture were labelled ’Agriculture’. The symbols for Q1, Q2, and so on denote domestic extractions
and QA, QB , and similar labels pertain to abandoned wells, details of which will be discussed later.
The cross-section A-A’ was used to sketch the subsurface.

Domestic extractions
The observation well QObs of 18.72 meters deep belongs to a family that occasionally uses the well to
irrigate. However, during the measurement time frame, no crops were farmed and the well was thus
out of use. All in-use groundwater taps within a range of 50 meters were mapped in the sketches with
the symbolQ. WellsQ2 andQ4 belong to the same household. The extractions were evenly distributed
over these two wells because the household estimated that both wells were utilized equally frequently
(Table 4.2).

Well Distance
QObs [m]

People Consumption
[L/d]

Cattle Consumption
[L/d]

Consumption
total [L/d]

Q1 19 6 320 2 buffaloes 180 500
Q2 25 5 300 6 goats 120 420
Q3 25 4 400 - - 400
Q4 39 - 300 - - 300
Q5 42 6 400 3 goats 75 475

Total - 21 1720 - 375 2095

Table 4.2: Domestic extractions within the borders of case study one

Irrigation
Farmers within the border regularly irrigate their fields with groundwater. However, during the mea-
sured time frame, no crops were farmed. The fields of farmers that farmed crops in the time frame
were outside the borders of the case study. QIrrigate denotes the local well that is used for irrigation.
The well is approximately 50 meters deep and at a distance of 100 meters from the observation well.
The well was therefore outside the scope of this project because it is not in the upper aquifer and out-
side the border.

Groundwater table time series

Figure 4.4: Recorded time series in Q1 of the groundwater table at case study one where significant daily fluctuations can be
distinguished
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The pressure device at location one measured significant fluctuations during a median day (Figure
4.4). The daily measurements at midnight (daily firsts) were mostly between the daily minimum and
maximum. Median daily differences were significant with more than half a meter. Therefore, a low
local specific yield was expected around the observation well in this case study. Following precipitation
events, the groundwater consistently increased as expected. The groundwater table also occasionally
increased when no precipitation events were present. This was most likely subsurface flow from out-
side the case study border caused by irrigation events. Possibly a deep irrigation well like QIrrigate

was used because no extraction drops in the time series can be distinguished.

Local subsurface
The Groundwater Resources Development Board (GWRDB) shed light on the process of digging do-
mestic wells, explaining that they are typically dug until an impermeable texture class is reached and
enough permeable material surrounds the well. Consequently, permeability alters in space when shal-
low wells with different depths are found near the observation well. This spatial diversity in well depth,
combined with the distribution of groundwater tables across the area, strongly suggests soil hetero-
geneity. Besides the observation well, three additional abandoned wells were observed along the
cross-section A-A’ in the case study denoted as QA, QB and QC . The groundwater tables of the wells
were measured twice and the average groundwater depth was assumed to be representative of the
subsurface (Figure 4.5).

Figure 4.5: Schematic cross-section A-A’ of the local subsurface of case study one

The groundwater table and well depth difference between well QA and QC and the observation well
suggest the wells are likely separated by a layer of a semi-permeable texture class. This was verified for
wellQA with an extra time series (Figure 4.6). In this time series, hourly fluctuations were maximally 0.1
meters unlike in the time series of QObs where fluctuations were daily around 0.5 meters. This means
that the groundwater table in QA was always more than a meter higher than in QObs which suggests
that the wells are separated by a semi-permeable layer. The specific yield in the soil surrounding QA

is likely significantly higher due to the lower amplitude of the fluctuations. This justifies the lower well
depth because enough permeable material surrounds the well QA at a shallower depth. The well QB

is likely directly connected to the observation well because the well is nearby and the groundwater
table and well depth were similar. Well QC was shallower, at a further distance and the groundwater
table was significantly higher than well QB . The well was therefore assumed to be in another aquifer.
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Ultimately, the additionally observed wells suggested some sort of spatial heterogeneity. Location one
was therefore not selected to perform the pumping test (Section 4.2).

Figure 4.6: Extra hourly time series of the groundwater table above the pressure device in well QA of case study one with
significantly smaller daily fluctuations

Chloride measurements
The precipitation needed for the chloride measurements was captured by a rain gauge on the roof of
the owner ofQ1. The well was used to sample the groundwater with a chloride concentration of 7 mg/L.

4.4. Case study two
Area description

Figure 4.7: Schematic drawing of case study two where QSupply denotes a water supplying tap installed by the local drinking
water office
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Field location two was located in the middle of Rajhena (Figure 4.7). An urbanized area located in
the North, next to the border of the study area. The Duduwa River flows at around a one-kilometre
distance from the east side of Rajhena. The area surrounding the location is mostly made up of urban-
ization with patches of vegetation (Appendix D.2). Small farmlands are present a little outside Rajhena.

Domestic extractions
The observation well belongs to the water research office of the local government. The well with a
depth of 21.74 meters is out of use because a heavy object got stuck in the well. There are not many
households in direct proximity of 50 meters. This is because of the space-occupying water research
office which was visualized as Q1. A tap was installed by the drinking water office of Rajhena five
meters from the observation well (Appendix D.2). This tap was indicated as QSupply and constantly
provides water at a rate of 0.59 litres per second in the dry season. All nearby residencies use that
tap for domestic purposes. The inhabitants still have domestic pumps as well. However, these are
almost exclusively used during the monsoon season. Extractions from the groundwater table during
the dry season are therefore minimal (Table 4.3). The supplying tap even makes the total extractions
supplying instead of extracting.

Well Distance
QObs [m]

People Consumption
[L/d]

Cattle Consumption
[L/d]

Consumption
total [L/d]

Q1 21 - 15 - - 15
Q2 26 4 200 - - 200
Q3 27 2 - - - -
Q4 35 3 - - - -
QSupply - - -50,980 - - -50,980

Total - 11 -50,765 - - -50,765

Table 4.3: Domestic extractions within the borders of case study two

Groundwater table time series
Te groundwater time series at location two displayed average daily fluctuations of around 0.2 meters
(Figure 4.8). The specific yield of the subsurface is therefore expected to be moderate at this location.
The groundwater table increased only significantly after precipitation events. Therefore, likely no irriga-
tion activities were within the borders of the case study. A significant drop in the groundwater table is
visible at the end of the time series. This was probably caused by big extractions for irrigation outside
the border of the case study. Despite this observation, the drinking water office of Rajhena was not
aware of any major extractions in the region at that time.

Figure 4.8: Time series of the groundwater table at case study two with small daily fluctuations
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Local subsurface
Two additional wells, QA and QB , were measured around the cross section A-A’. A pressure device
recorded a time series for 3 days in well QA (Figure 4.9). Daily fluctuations between the time series
in QA and QObs were substantially different. The time series in the observation well fluctuated daily
minimally by around 0.1 meters (Figure 4.8) while the additional time series maximally fluctuated by
0.02 meters (Figure 4.9). This indicates the subsurface at well QA is likely characterized by a bigger
specific yield number. The well was presumably dug shallower because enough impermeable material
surrounds the well at a shallower depth. The observation well was dug deeper because the material is
less permeable.

Figure 4.9: Extra time series in QA of case study two

The groundwater tables were measured twice and the average was assumed representative. The
groundwater tables and well depths significantly varied over space. Therefore it was assumed that the
wells are separated by a semi-permeable layer (Figure 4.10). Conclusively, the subsurface at location
two is heterogeneous.

Figure 4.10: Schematic cross-section A-A’ of the local subsurface of location two
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Chloride measurements
The rain gauge captured precipitation from the roof of the water research office. The groundwater was
sampled using the domestic well Q2. The median chloride concentration in the groundwater was 45
mg/L. This is a too high number and probably contaminated by wastewater discharge.

Case study conclusion
Location two has a substantial drinking water supply by the drinking water company. This supply is
significantly larger than extraction in other case studies. Furthermore, the chloride concentration in
the groundwater is disproportionate. Ultimately, the tap compromises the representativeness of the
second case study and the case study was therefore neglected.

4.5. Case study three
Area description

Figure 4.11: Schematic drawing of case study three where ’Forest’ denotes vegetated land cover

The third field location (Figure 4.11) was located at the edge of Banakatti, a town located in the south-
east corner of the study area. The little patch of forested area around the case study was given the
label ’Forest’. The observation well is on the edge between bare agricultural fields and urban areas
(Appendix D.3). The case study dominantly contains bare lands, much urbanization and little vegeta-
tion. The crop factor was therefore estimated between 0.15 and 0.35. Banakatti is in between two
rivers. The Rapti River flows one kilometre to the East and the Duduwa River passes location three
250 metres to the West.

Rivers
The Duduwa River was levelled to the observation well using a levelling device (Figure 4.12). The
water table of the Duduwa River was measured on the 29th of May and 2nd of June. Both times the
water table in the river was the same and only 0.24 meters above the bottom of the deepest part of the
river. The river level was therefore assumed as constant during the end of the measurement period.
The groundwater table in the well was measured on the 29th of May at 4 PM and 0.28 meters below



4.5. Case study three 28

the river level. The maximum groundwater table that day was 0.08 meters higher and thus 0.20 meters
below the river level. This was used to calculate the minimum groundwater slope between the river
and the observation well. The minimum groundwater table that day was 0.07 lower which was used to
calculate the steepest groundwater slope. In the last two weeks of the measurements, the groundwa-
ter level was at its high point 0.08 meters higher than the earlier measured maximum. This was still
significantly lower than the river. This means that the river was constantly draining at the end of the dry
season. This decreases the discharge in the river and ultimately increases the risk of water scarcity
[37]. The river banks were 4.38 meters higher than the groundwater table. This suggests the river
might also be draining during the monsoon season when discharge is maximum. However, a draining
river does not increase the risk of water scarcity during the monsoon season.

Figure 4.12: Schematic drawing of the river and fluctuating groundwater level in the observation well of case study three
indicating that the Duduwa River is a losing river around case study three at the end of the dry season

Domestic extractions
The observation well of 12.26 metres deep belongs to a family with recently a new well installed. The
observation well is out of use because the pump is broken and a new well with pump was subsidised
by the local authorities. A significant number of domestic wells were found within the border of the case
study (Table 4.4).

Well Distance
QObs [m]

People Consumption
[L/d]

Cattle Consumption
[L/d]

Consumption
total [L/d]

Q1 19 9 700 9 goats 180 880
Q2 24 11 460 2 goats 40 500
Q3 32 10 500 2 buffaloes

3 goats
125 625

Q4 34 6 400 9 goats 180 580
Q5 42 4 250 - - 250
Q6 47 9 400 10 goats 200 600
Total - 49 2710 - 725 3435

Table 4.4: Domestic extractions within the borders of case study three

Irrigation
An irrigation bore is present in the agricultural fields. This bore is used by people who own a farm but
need a bigger pump than their domestic one to extract groundwater. The irrigation bore is outside the
border of the case study and therefore outside the scope.

Groundwater table time series
The daily fluctuations recorded in the observation well at location three were less than 0.1 meters on a
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median day (Figure 4.13). This suggests a high specific yield number. Starting in April, the daily mini-
mum got significantly lower than the daily first while the daily maximum remained relatively the same in
contrast to the daily first. Only around precipitation events, the daily minimum was approximately equal
to the daily first. The groundwater reached lower levels but replenished quickly again. This suggests
farmers extract water from the subsurface in a connected aquifer which they subsequently irrigate,
quickly replenishing the groundwater again. One well that could have been used for this was the irriga-
tion well QIrrigate which is 12.9 meters deep and thus approximately as deep as the observation well.
The subsurface at location three thus appears to be relatively homogeneous because all extractions
were distinguishable in the time series but subsequently immediately replenished by irrigation return
flow.

Figure 4.13: Time series of the groundwater table at case study three with large daily fluctuations during nearby irrigation
extractions and small fluctuations without irrigation extractions

Local subsurface
Two additional wells were measured in the area along the cross-section A-A’. The wells were all approx-
imately the same depth and the groundwater tables were similar as well (Figure 4.14). Both suggest a
relatively homogeneous local subsurface.

Figure 4.14: Schematic cross-section A-A’ of the local subsurface of case study three
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A water pressure device recorded hourly fluctuations in well QA (Figure 4.15). Fluctuations in the well
were similar to the measured fluctuations in the observation well. This suggests that the texture class
in the shallow subsurface is locally relatively homogeneous over space. Ultimately, location three was
used for the pumping test because the local subsurface at location three appeared to be homogeneous
(Section 4.2).

Figure 4.15: Extra time series in QA of case study three with similar daily fluctuations as the other time series

Chloride measurements
The rain gauge was located on the roof of the owner of the observation well. The groundwater was
sampled using their extraction well Q1. The concentration of the groundwater was 14 mg/L.

4.6. Case study four
Area description

Figure 4.16: Schematic drawing of case study four
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The fourth case study (Figure 4.16) was done in Kamdi, a town on the edge of the study area. The
Rapti River is located around one kilometre to the East. The area of the case study is vegetated and
a big forest is located to the east (Appendix D.4). Relevant farms within the 50-meter border were
marked grey and maize was farmed there. Dark grey for areas within the borders and lighter grey
outside the case study’s border. The crop factor was estimated between 0.45 and 0.75 because of the
heavy vegetation in the area.

Domestic extractions
The observation well is 17.74 meters deep and abandoned because of the dusty road passing the well
at a short distance. Inhabitants around the observation well own many cattle which greatly influence
total consumption (Table 4.5).

Well Distance
QObs [m]

People Consumption
[L/d]

Cattle Consumption
[L/d]

Consumption
total [L/d]

Q1 18 6 320 58 goats 1200 1520
Q2 28 4 250 3 buffaloes

35 goats
450 700

Q3 30 4 240 6 chickens 10 250
Q4 45 5 300 7 goats 150 450

Total - 19 1110 - 1810 2920

Table 4.5: Domestic extractions within the borders of case study four

Irrigation
Two fields within 50 meters were being farmed with maize during the measurement time. The farm
fields belong to the house owning the observation well, Q1, and the neighbouring house to the north,
Q3. QIrrigate is used by the farmers to irrigate the fields. The irrigation well is located at a distance of
115 meters from the observation well. The owner of Q1 uses the pump once every necessary dry week
for 2 hours. Q3 uses the bore each month for 2 hours if required. The actual timing of the irrigation
activities was unknown. Therefore using the time series and mentioned approximate frequencies by
the farmers the irrigation patterns were estimated.

Figure 4.17: Water levels at midnight at Kamdi where significant extractions took place in the middle of April

There were extractions from the bore in April which are visible in the groundwater table time series in
the observation well (Figure 4.17). In the week between the 5th of April and the 13th of April there were
many extractions and it was therefore assumed that both farmers Q1 and Q3 extracted for irrigation.
Between the 17th of March and the 23rd of April only farmer Q1 was assumed to have extracted. There
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were multiple extractions in that time frame but only 10 days passed since the last extraction and be-
cause farmer Q3 only extracts once per month it was assumed Q3 did not irrigate. The rest of the time
series did not seem to contain significant drops, it was therefore assumed no more extractions took
place. In summary, this estimation indicated one extraction by farmer Q3 and two extractions by farmer
Q1 within the relevant time frame.
The farmers both indicated that they usually irrigate for two hours in the morning starting at 8 AM. The
exact irrigation dates were assumed to be in the middle of the week between 8 AM and 10 AM (Table
4.6). Farmers were assumed to distribute the water evenly over all their fields. The relevant irrigation
volume of farmer Q1 was therefore limited because parts of his farm were outside the focus area bor-
ders. The farmers share the same 2-horsepower submersible pump which pumps approximately at a
rate of 18 m3/h. The average irrigation volume and irrigation depth were calculated using this discharge
(Table 4.6).

Farmer Irrigation
date

Pumping times Relevant
farm area
[m2/m2]

Irrigation
volume
[m3]

Irrigation
depth [m]

Q1 8th of April 8 AM till 10 AM 190/680 10 0.05
Q3 9th of April 8 AM till 10 AM 660/660 36 0.05
Q1 20th of April 8 AM till 10 AM 190/680 10 0.05
Total - 6h - 56 0.9

Table 4.6: Irrigation activities in case study four

Groundwater table time series
The time series of location four displayed median daily fluctuations of around 0.15 meters (Figure 4.18).
This suggests a relatively mediocre specific yield value. Significant extractions occurred in April which
were likely from the irrigation well Qirrigate (Figure 4.11). However, recovery was often slow unlike
at location three as can be seen via the daily first value. This was caused by irrigation at a significant
distance from the observation well or irrigation where the subsurface is separated by a semi-permeable
layer. Both would argue for slow irrigation return flow to the observation well.

Figure 4.18: Time series of the groundwater table at case study four with medium daily fluctuations and where the
groundwater table notable not redraws quickly after irrigation extraction

Local subsurface
A time series of another abandoned well QA was measured (Figure 4.19). In this time series, the fluc-
tuations were approximately the same as in the observation well during the day. This suggests the
specific yield and thus texture classes are locally similar.
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Figure 4.19: Extra time series in QA of case study four with similar daily fluctuations

Additionally, the depths of wellsQ1 andQA along the cross-section A-A’ were measured and the ground-
water tables were recorded in QObs and QA (Figure 4.20). The groundwater table in Q1 was not mea-
sured because the well had just been used both measurement times. This would make the potentially
observed groundwater tables unreliable. The wells QObs and QA were approximately as deep and the
groundwater tables were similar as well. Conclusively, location four was selected for a pumping test
because the texture class and subsurface were locally relatively homogeneous (Section 4.2).

Figure 4.20: Schematic cross-section A-A’ of the local subsurface at location four

Chloride measurements
The rain gauge was placed on the roof of the house that owned the observation well. The groundwater
samples were taken from well Q1. The concentration of chloride in the groundwater was 7 mg/L.
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4.7. Case study five
Area description

Figure 4.21: Schematic drawing field location five

Location five (Figure 4.21) was in the area called Baijanath which is located in the far north of the area
of interest. The area is remote and filled with bare agricultural fields (Appendix D.5). Maize was farmed
at the observation well and a little forest is located close to the well. Considering the vegetation present,
the estimated crop factor ranged between 0.35 and 0.65 (Appendix D).

Rivers
The Phalgunj river flows approximately 165 meters to the North of the observation well. The river was
levelled in contrast to the observation well and was measured twice, both times 0.40 meters above the
bottom of the deepest part of the river. The river was therefore assumed constant during the end of the
dry season. On the 30th of May, the groundwater level in the observation well was 0.41 meters higher
than the level in the river. The maximum value that day was 0.02 meters higher and the minimum was
0.05 meters lower (Figure 4.22). This suggests the Phalgunj River at location five is an infiltrating river
at the end of the dry season. The height of the river banks is 3.13 meters. A draining river might thus
be likely with significant river discharge. However, during monsoon season this does not increase the
risk of water scarcity.

Domestic extractions
The observation well is 7.94 meters deep and the property of a farmer who lived elsewhere. The remote
area does not have any domestic extractions within a range of 50 meters.
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Figure 4.22: Schematic drawing of the river and fluctuating groundwater level in the observation well of case study five
indicating that the Phalgunj River is an infiltrating river around case study five at the end of the dry season

Irrigation
The observation well is occasionally used by the farmer to irrigate. The farmer extracts whenever he
feels it is necessary to irrigate due to too much drought. When he irritates he turns on his pump in the
evening and turns it off in the morning. During the measurement time, he extracted water five times
in total where he recorded the date and pump duration. We altered his record to make it correspond
to the observed time series (Appendix A.6). The discharge of the pump he uses is 36 m3/h (Appendix
B.11) [27]. The irrigation volume was calculated using the discharge and the extraction pattern (Table
4.7).

Irrigation date Pumping times Farm area [m2] Irrigated volume
[m3]

Irrigation
depth [m]

19/20th of April 20:15 PM till 12:35 AM 1000 588 0.588
20/21st of April 20:10 PM till 10:35 AM 1000 519 0.519
11/12th of May 19:00 PM till 05:00 AM 1000 360 0.360
17/18th of May 20:15 PM till 11:00 AM 1000 531 0.531
18/19th of May 20:40 PM till 10:40 AM 1000 540 0.540

Total 70h 30min - 2538 2.538

Table 4.7: Irrigation activities in case study five

An irrigation depth of around 0.5 meters is a substantial irrigation depth. Therefore the discharge of the
pump was verified twice. The farmer irrigated during the night and because he lives elsewhere he likely
did not turn off his pump in the night. The diver still measured atmospheric pressures during the nights
of irrigation. The farm is also around 0.3 meters below the grass edges of the farm (Appendix D) which
keeps the irrigated water from leaking. All in all, an irrigation depth of 0.5 meters is substantial but it
appears that the farmer did irrigate that significant amount of water. Therefore, the irrigated volumes
were still assumed reliable in this research. Someone should however inform the farmer to be more
careful with the amount of water he irrigates because irrigating this amount of water does not help crops
grow better and is not beneficial for his financial or the groundwater resource availability in the region
either.

Groundwater table time series
The daily median groundwater fluctuations at location five were negligible (Figure 4.23). This suggests
few extractions, a relatively high specific yield value or both. This time series underwent some error
adjustments (Appendix A.6).
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Figure 4.23: Time series of the groundwater table at case study five with minimal daily fluctuations

Local subsurface
Along cross-section A-A’ two extra shallow wells were measured (Figure 4.24). The observed wells
are all approximately as deep. The groundwater table in well QA was significantly lower than in the
observation well. However, they are likely in the same aquifer because of the substantial distance to
the observation well. Additionally, there are significantly more domestic extractions around well QA

leading to relatively more drawdown.

Figure 4.24: Schematic cross-section A-A’ of the local subsurface of case study five

In both wells, the fluctuations during the day were negligibly small (Figure 4.25). This suggests a local
homogeneous subsurface. However, no other wells are located near the observation well which made
it difficult to perform a representative pumping test. Therefore no pumping test was performed at this
location (Section 4.2).
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Figure 4.25: Extra time series in QA of case study five with similarly small daily fluctuations

Chloride measurements
The rain gauge was placed on the roof of a house in the northwest of the observation well location at a
distance of 180 meters from the observation well. The groundwater samples were taken from a ground-
water well next to this house. The measured concentration of chloride in the groundwater was 10 mg/L.

4.8. Case study six
Area description

Figure 4.26: Schematic drawing of case study six

The last case study (Figure 4.26) was done in the town called Kohalpur which is in the far North-Eastern
corner of the study area. The location is surrounded by houses, bare agricultural fields, some vegeta-
tion and thinly scattered trees (Appendix D.6). The range of the crop factor was therefore estimated to
be between 0.30 and 0.60.
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Rivers
The Duduwa River is located around 360 meters to the West of the observation well. This is the same
river that downstream flows past locations two and three. The river level was 0.21 meters above the
deepest part of the river bottom and was measured twice. On the 30th of May, the groundwater in
the observation well was 2.10 meters higher than the river level. The daily maximum measurement
was 0.07 meters higher and the measured value was at the daily minimum (Figure 4.27). The river is
thus relatively heavily infiltrating groundwater. The highest river level before the river banks flood was
measured to be 2.70 meters above the river level. The river at location six is therefore likely always
infiltrating because groundwater levels would also increase if the river level is at a maximum.

Figure 4.27: Schematic drawing of the river and fluctuating groundwater level in the observation well of case study six
indicating that the Duduwa River is a gaining river around case study six at the end of the dry season

Domestic extractions
The observation well has a depth of 21.30 meters and belongs to a family with 6 members. The family
owns two wells and stopped using the observation well because the pump of that well is broken. Four
domestic pumps were observed in the area (Table 4.6).

Well Distance
QObs [m]

People Consumption
[L/d]

Cattle Consumption
[L/d]

Consumption
total [L/d]

Q1 25 6 430 - - 430
Q2 27 4 300 2 goats 40 340
Q3 39 5 350 2 buffaloes

9 goats
480 830

Q4 41 7 400 - - 400

Total - 22 1480 - 520 2000

Table 4.8: Domestic extractions within the borders of case study six

Groundwater table time series
The median daily fluctuations of the groundwater table were less than 0.1 meters (Figure 4.28). The
subsurface around the observation well therefore likely has a high specific yield number. Small and fre-
quent irrigation activities occurred during the time series. However, the irrigation return flow was quick
because the daily first values at 00:00 were recovered daily. This suggests farmers irrigate nearby in
spatially connected aquifers.
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Figure 4.28: Time series location six with medium daily fluctuations

Local subsurface
Two extra out-of-use wells were measured along the cross-section A-A’ (Figure 4.29). The well depths
are spatially different but groundwater tables in the wells were similar. Therefore, it was estimated that
the permeable texture classes were connected even though the well depths are different.

Figure 4.29: Schematic cross-section A-A’ of the local subsurface of case study six

Groundwater table fluctuations in well QA were around 0.01 meters (Figure 4.30). The fluctuations in
the observation well varied on a median day around 0.05 meters. The lower fluctuations of the addi-
tional well suggest a permeable texture class with a higher specific yield around well QA which is also
likely the reason the well was dug shallower.

Chloride measurements
The rain gauge captured precipitation from the roof of a nearby house outside the sketch to the South-
East of the observation well. The groundwater sample was taken from Q1 and the median chloride
concentration of the groundwater was 9 mg/L.
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Figure 4.30: Extra time series in QA of case study six with smaller daily fluctuations

4.9. Conclusions
Crop factors were estimated to be lower in case studies one and three. These locations are also
furthest from the Bhabar zone. This is logical because of moisture recycling, there is likely more vege-
tation close to the Bhabar zone. The rivers at the locations were infiltrating water upstream and losing
water downstream. This is likely due to the position from the Bhabar zone where the rivers originated.
Downstream the groundwater is recharged less easily by the Bhabar zone and therefore recharges
via river water. No relation between specific yield and spatial location was observed. The subsurface
in case study one has a low specific yield number but the specific yield in the extra well QA is likely
significantly higher. Higher specific yields were expected closer to the Bhabar zone due to the nearby
largely permeable Bhabar zone. However, with the limited number of case studies, this pattern was
not recognized. The local sub-surfaces in the cross sections are also different between the locations
and no real spatial pattern can be distinguished there either.



5
Results

This chapter presents the findings derived from the methodology chapter. It will initially list the vol-
ume of fluxes and total storage change for the case studies, including their associated uncertainties.
Following that, it will outline the results for the whole area obtained from extrapolating via groundwa-
ter response units, accompanied by an uncertainty analysis. Finally, it will showcase the results of a
distinct analysis of groundwater trends using historical data to assess potential depletion, once more
considering associated uncertainties.

5.1. Recharge
The volume contributions for every location were estimated using the AFocus of 7854 m2 and the time
interval of interest of 73 days between the 24th of March and the 4th of June. Recharge (

∑
VRch) was

calculated to a one-dimensional unit to verify the credibility of the results (Table 5.1).

Case study
∑

VRch [m3]
∑

R [mm] R̄ [mm/d]

1 584 74 1.0
3 549 70 1.0
4 549 70 1.0
5 664 85 1.2
6 597 76 1.0

Table 5.1: Recharge flux at relevant case studies

41
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5.1.1. Precipitation data
Precipitation using remote sensing was significantly higher than precipitation via the measurement sta-
tions (Table 5.2).

Case study
∑

P [mm]
∑

PRemote−Sensing [mm]
1 78 119
3 73 133
4 73 116
5 90 141
6 81 141

Table 5.2: The sum of precipitation measurements via meteorological stations and CHIRPS data

Reliability precipitation data
The measurement stations independently recorded 73.1, 77.6 and 92.3 millimetres of total precipitation
during the measurement time frame. The last measurement, obtained in the Bhabar zone where higher
precipitation was anticipated, aligns with those expectations. Because measurements are done inde-
pendently these measurements are reliable. However, spatially distributing the data to the locations
using the inverse proportional distance makes the exact precipitation per case study slightly uncertain.
Remote sensing estimated average precipitation of 129.9 millimetres, notably higher than the 78.8 mil-
limetres estimated by the weather stations. This discrepancy might arise from the calibration limitation.
CHIRPS data is calibrated using local weather stations. However, likely no local meteorological stations
were included in the calibration around the study area because the differences in precipitation measure-
ments between the two observation methods are significant. The exact magnitude of the CHRIPS data
is thus inaccurate in the study area.

5.1.2. Chloride Mass Balance method
Considering the Electrical Conductivity measurements the water is not brackish, the chloride measure-
ments in the groundwater of the case studies are therefore plausible (table 5.3) [10].

Case study Chloride
[mg/L]

Chloride
[meq/L]

1 7 0.20
3 14 0.40
4 7 0.20
5 10 0.28
6 9 0.24

Table 5.3: Median chloride in the groundwater at the case studies

The median chloride in precipitation of all samples combined was measured to be 6 mg/L. However, a
number between 0 and 2mg/L was expected for theWest-Terai region. The values of 0 and 2mg/L were
therefore used as a normative range estimate. The CMB-method (VCl−Rch) was used with CHIRPS
data and meteorological station data (Table 5.4). The data set from the meteorological stations does
not cover the entire year. Therefore the same precipitation proportion as the CHIRPS data was used
to estimate yearly precipitation by the meteorological stations.
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Case study ¯RCl−CHIRPS

[mm/d]
¯RCl−Station

[mm/d]

1 0; 0.46 0; 0.30
3 0; 0.26 0; 0.14
4 0; 0.45 0; 0.28
5 0; 0.39 0; 0.25
6 0; 0.45 0; 0.26

Table 5.4: Utilization of the chloride Mass Balance method to estimate the range of the one-dimensional recharge flux at the
case studies

Uncertainty CMB method
The recharge calculated through effective precipitation (Table 5.1) significantly differed in magnitude
from the estimates obtained via the CMB method (Table 5.4). Several underlying assumptions in the
CMB method could account for this disparity. For instance, the CMB-method was assumed to give
representative results when interpolated using yearly precipitation data, overlooking the considerable
difference in precipitation between the monsoon and dry seasons. Additionally, all chloride within the
aquifers was assumed to be derived from atmospheric sources. This means run-off should always be
negligible which is not true during the monsoon season. Furthermore, this assumed a minimal effect
of subsurface flow on chloride concentration in the aquifers even though there is significant subsur-
face flow [18, 38, 46]. Additionally, this assumed precipitation did not pick up chloride increasing salts
or other pollution from the surface before infiltrating. Likely, there was some sort of pollution on the
streets because in all case studies inhabitants lived within 100 meters of distance. Lastly, the effect of
re-irrigation of water was assumed to not affect concentration even though there were signs of irrigation
at all locations. Ultimately, the CMB method was not reliable in this research.

5.1.3. Uncertainty recharge
The evaporation during precipitation was quadrupled to test the uncertainty of the recharge (Table 5.5).
Surprisingly, even with this drastic increase in evaporation, the recharge decreased by only about 20%.
Such a modest reduction following an extreme evaporation change indicates the stability of effective
precipitation as a reliable method for recharge estimation. Another point reinforcing reliability is the
consistency between independently recorded hourly values from the measurement stations, indicating
their likely reliability. Lastly, an average recharge of around 1 millimetre per day seems like a plausible
number.

Case study Increase of
evaporation [%]

Decrease in
recharge [%]

1 400 16
3 400 17
4 400 17
5 400 23
6 400 23

Table 5.5: The consequence of drastically increasing evaporation during precipitation events per case study
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5.2. Extractions
5.2.1. Domestic extractions
The total domestic extraction was calculated by summing the daily domestic consumption over 73 days
(Table 5.6). Inhabitants of the study area without cattle used on average 63 litres per day per person.
This is a little more than average usage in the Kathmandu valley [28]. The domestic consumption is a
fairly certain number because it was estimated by 18 people for 122 inhabitants, no estimate stood out
and below 100 litres per person is what might be expected for the region.

Case study
∑

VCons [m3] Cons. [l/p/d]
1 153 82
3 251 55
4 213 58
5 - -
6 146 67

Table 5.6: The domestic extractions per case study

5.2.2. Irrigation extractions
Irrigation in the case studies stood out because of their dissimilarity in average irrigation depth (Table
5.7). Case study four produced low numbers while five produced high. The estimated median irrigation
depth of around 5 millimetres per day (Section 2.3) was in between the two estimates.

Case study
∑

VIrri [m3]
∑

IR [mm] ¯IR [mm/d]

4 56 66 0.9
5 2538 2538 34.8

Table 5.7: Irrigation extraction per case study

Uncertainty case study 4
The irrigation depth at location four was low. This was likely because of the local climate and the
awareness of the farmers in the case study about the amounts they pumped. The farmers lived next to
their farm and irrigated likely more responsibly and thus effectively. Furthermore, the subsurface was
largely homogeneous at location four. This means that they might notice the pressure head in their
domestic tube well decreasing whenever they pump. The number of trees and other vegetation in the
nearby area was also significantly larger at location four than in median irrigation areas in the Banke
district. Vegetation tends to lower temperatures and enhance moisture recycling, thereby reducing the
required irrigation depth. This also partly explains why the irrigation depth is lower than the found value
using questionnaires (Section 2.3). While the exact pumping times were unknown, the known pumping
frequency helped establish a relatively accurate irrigation depth at location four.

Uncertainty case study 5
The farmer of observation well 5 lived elsewhere and no inhabitants lived close to the well either. He
was less likely to be conservative with groundwater consumption because he does not live at the loca-
tion and even pumps during the night. He made grass edges to prevent the water from leaking from
his farm. The farmer also noted down the pumping times and the pump. Despite discrepancies in the
observed irrigation depth, the values obtained for the case studies are not uncertain.
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5.2.3. Total extractions
The total extraction flux was estimated by summing the irrigation extraction and domestic extraction
(Table 5.8).

Case study
∑

VExtr [m3]

1 -153
3 -251
4 -269
5 -2538
6 -146

Table 5.8: The sum of extractions for domestic use and irrigation per case study

5.3. Irrigation return flow
The return flow volume was calculated via the irrigated volume (Table 5.7) and actual evaporation dur-
ing irrigation (Table 5.9). The total and daily return flow was calculated as an average value for both
locations because at location four there were two farms. The total evaporation during the summed
irrigation events was only 0.7 millimetres for location 4 and 5.2 millimetres for location 5. This meager
figure was influenced in part by the timing of irrigation, which took place in the morning when solar
radiation was negligible.

Case study
∑

VRet−Flw [m3] R̄F [mm] R̄F [mm/d]

4 56 65 0.9
5 2533 2533 34.7

Table 5.9: Total irrigation return flow and average return flow per day per case study

Uncertainty irrigation return flow
Evaporation during irrigation was quadrupled to check the uncertainty of the return flow (Table 5.10).
The irrigation return flow would still be 96 percent and 99 percent of the current value even when the
evaporation during irrigation would be quadrupled. Therefore, because irrigation extraction is a certain
number, the return flow is a reliable number as well.

Case study Increase of
evaporation [%]

Decrease in
RF [%]

4 400 4
5 400 1

Table 5.10: The consequence of drastically increasing evaporation during irrigation events per case study
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5.4. Transpiration
The transpiration results via the evaporation sum (Appendix A.7) were rewritten to total and daily-
average one-dimensional transpiration (Table 5.11).

Case study |
∑

VTrans|
[m3]

ETTrans

[mm]
¯ETTrans

[mm/d]
Crop factor f

1 1048 133 1.8 0.38
3 925 118 1.6 0.27
4 1850 236 3.2 0.54
5 1331 169 2.3 0.43
6 1757 224 3.1 0.56

Table 5.11: Transpiration and associated crop factor per case study

Uncertainty transpiration using the crop factor
The calculated crop factors were in the expected range of the case studies (Table 5.12). Location six
was barely within the described data limit, which was likely caused by the coarse resolution of the actual
evaporation data by the satellite. Given the proximity to the Bhabar zone, the pixel area within location
six likely encompassed more forest than representative of the actual case study. Consequently, this in-
creased observed evaporation, elevating the estimated transpiration and consequently, the crop factor
within this area. The other estimated crop factors via remote sensing were in the middle of the expected
range. However, the crop factor range widths were significant due to the difficulty of estimating crop
factors of a larger area. While the SSEBop method offers reliable estimates based on energy balance,
the coarse resolution of data per case study introduces a moderate level of uncertainty in the estimated
transpiration fluxes.

Case study Present vegetation fMin fMax

1 Dominantly bare lands, average grass, some trees,
some urbanization

0.25 0.50

3 Dominantly bare lands, little grass, little trees, much
urbanization

0.15 0.35

4 Some bare lands, average grass, many trees, little
urbanization, much maize

0.45 0.75

5 Many bare lands, average grass, some trees, much
maize

0.35 0.65

6 Many bare lands, average grass, some trees, some
urbanization

0.30 0.60

Table 5.12: Estimated crop factor ranges using visual inspection and the guidelines by the FAO

5.5. Storage change
5.5.1. Water table fluctuation method
To determine storage change the specific yield was necessary. This was determined by applying the
Water Table Fluctuation method to the recharge contributions. These recharge contributions were de-
termined by fitting a model to the time series (Appendix B.4).
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Specific yield case study one
The model was simulated with a crop factor of 0.38 at location one (Figure 5.1). The simulation cap-
tured the magnitude of the first and last peaks satisfactorily. This is difficult to observe however due to
the enormous hourly groundwater table fluctuations. The peak around the 1st of May was not correctly
modelled which can be attributed to the missing data from the weather station (Appendix A.2). The
WTF method was applied to the recharge contribution on three peaks (Figure B.13) as described in
Formula 3.14. Chronically, the estimated specific yields were 0.047, 0.044 and 0.048. The average of
0.047 was adopted as the true value.

Figure 5.1: Groundwater table time series simulation at case study one

Specific yield case study three
Heavy extractions took place at the end of the simulation of time series three but no record was avail-
able of these extractions (Figure 5.2). Subsequently, the last 14 days of the time series were removed
because these days complicated the least squares fit. Removal of this data was possible because only
recharge events should fit properly for the determination of the specific yield using the water table fluc-
tuation method. The first peak and the peak around the 1st of May fitted satisfactorily. There were many
extractions in the case study which complicated the simulation. Nonetheless, the visualized simulation
was the best fit for the peaks. Two peaks were used in the WTF method to calculate the specific yields
(Figure B.15). Chronically, the estimated specific yields were 0.42 and 0.38. The specific yield was
therefore estimated to be the mean which is 0.40.

Figure 5.2: Groundwater table time series simulation at case study three

Specific yield case study four
The simulation (Figure 5.3) was fitted with a crop factor of 0.54. The simulated fit constantly underesti-
mated the measurements slightly which was due to the heavy extractions in the region. Nonetheless,
the magnitude of the simulated peaks fitted the time series satisfactorily. The two estimated specific
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yields were estimated to be 0.18 and 0.18 using the WTF method (Figure B.17). Conclusively, the
specific yield was estimated to be 0.18 in case study four.

Figure 5.3: Groundwater table time series simulation at case study four

Specific yield case study five
Most of the extraction and recovery parts of the fifth time series were removed. This was done to make
the least squares fit as properly as possible. The model was fitted using a crop factor of 0.43 (Figure
5.4). Peaks were difficult to fit because presumably there were local extractions at those moments
as well. The estimated precipitation at the 1st of May was likely overestimated at location five. How-
ever, the first peak fitted perfectly and the magnitude of the last peak was correct. Therefore the fit
was satisfactory. The two peaks used for the water table fluctuation method chronically estimated spe-
cific yields of 0.17 and 0.19 (Figure B.19). The average specific yield was therefore 0.18 at location five.

Figure 5.4: Groundwater table time series simulation at case study five

Specific yield case study six
The sixth simulation was fitted with a crop factor of 0.56 (Figure 5.5). The simulation captured the peaks
after precipitation in the water level measurements satisfactorily and model parameters were not out
of reasonable bounds (Figure B.20). The specific yield was estimated using the WTF method (Figure
B.21) and was respectively 0.48, 0.37 and 0.41. The average specific yield was assumed to be the
mean of 0.42 at location six.
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Figure 5.5: Groundwater table time series simulation at case study six

Conclusion
Specific yields varied heavily between the case studies (Table 5.13). The specific yield at location one
was relatively low, at locations four and five mediocre and at locations three and six high. Locations
three and six experience specific yields of around 0.40 which is an exceptionally high number but still
just within the boundaries of the expected range of subsurface material (Figure B.22) [52]. It was still
assumed these values were correct because we already predicted high specific yield values using the
time series in case studies three and six (Chapter 4. Additionally, the fitted groundwater reaction to
precipitation was modelled by Pastas to be instant in all case studies. This means that precipitated or
infiltrated water quickly reaches the groundwater table. The pressure devices in the case studies were
thus measuring groundwater tables in upper aquifers as was assumed in Section 3.3.

Case study Sy

1 0.05
3 0.40
4 0.18
5 0.18
6 0.42

Table 5.13: Estimated specific yields via the Water Table Fluctuation method

5.5.2. Determining storage change
Storage change was calculated using the total decrease in the water table and specific yield (Table
5.14). The storage change was calculated via specific yield which was derived using precipitation data.
Because the precipitation was a relatively uncertain parameter, storage change was as well. Nonethe-
less, all storage changes are in the same order of magnitude even though the specific yields are not.

Case study Ht=n −Ht=0 [m] ∆VStorage [m3]
1 1.60 -593
3 0.43 -1360
4 0.60 -849
5 0.49 -698
6 0.31 -1038

Table 5.14: Volume storage change over the measurement time frame between the 24th of March and 4th of June
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Uncertainty storage change
The specific yields were increased by 20% and subsequently decreased by 20% (Table 5.15). The
uncertainty in storage change is solely influenced by altered specific yield when the pressure device
was assumed to record without errors. The storage change alters accordingly to the change in specific
yield because they are linearly dependent. These altered specific yields will be used later in Section 5.6.

Case study ∆VStorage [m3] in-
crease by 20%

∆VStorage [m3] de-
crease by 20%

1 -712 -494
3 -1632 -1133
4 -1019 -708
5 -838 -582
6 -1246 -865

Table 5.15: Influence of altering specific yield on the storage change

5.6. Sub-surface flow and percolation
The net sub-surface flow/percolation flux was calculated by reversing the water balance (Appendix A.3)
and rewritten to an average horizontal net flux (Table 5.16). The fluxes were calculated in the horizontal
direction using the circumference of the case studies and the aquifer thickness approximated by the
depth of the observation well. Note, that this value was only to check the order of magnitude because
it assumed the flux was solely subsurface flow. The values found for two-dimensional average net
flow were well below the expected possible transmissivity range of between 181 m2/d and 1030 m2/d
(Section 2.2).

Case study
∑

VSSF−Perc

[m3]
SSF/Perc
[mm2/d]

¯SSF/Perc
[mm/d]

1 23 2.0 0.1
3 -733 -32.0 -2.7
4 666 29.0 1.7
5 -26 -1.1 -0.2
6 268 11.7 0.6

Table 5.16: Net sub-surface flow and percolation flux per case study

Uncertainty net subsurface flow and percolation
Net subsurface flow and percolation values vary greatly between case studies. Because the flux was
estimated as the missing component in the water balance, uncertainty can only be assessed by chang-
ing other arguments in the balance. The increased and decreased specific yields from the previous
paragraph were applied for the net subsurface flow and percolation as well (Table 5.17). The specific
yield was estimated using visually fitting a model using the Pastas package in Python. The specific
yield was therefore not a certain number and could easily be 20% different. The net subsurface flow
and percolation flux changed significantly with varying specific yields. The flux could switch between
infiltrating or losing water in the case studies. The net subsurface flow and percolation is therefore not
a certain flux. Furthermore, because the flux is a combined flux, interpretation of the individual fluxes
is difficult.
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Case study
∑

VSSF−Perc [m3] with
Sy increase by 20%

∑
VSSF−Perc [m3] with

Sy decrease by 20%
Range ¯SSF/Perc
[mm/d]

1 -96 122 -0.2; 0.3
3 -1005 -506 -3.7; -1.9
4 496 807 1.3; 2.0
5 -166 90 -0.1; 0.5
6 60 441 0.1; 0.9

Table 5.17: Uncertainty of the combined net subsurface flow and percolation flux

5.7. Net extraction
An extra result parameter was introduced which is the difference between extraction and irrigation re-
turn flow. Extraction of water that later returns to the groundwater table as return flow does not deplete
the groundwater resources. Therefore, the net contribution (

∑
VExt−Net) is a proper parameter to esti-

mate depletion due to extraction. Because extraction and evaporation were reliable numbers, the net
extraction is also a certain parameter.

Case study
∑

VExtr

[m3]

∑
VRet−Flw

[m3]

∑
VExt−Net

[m3]

1 -153 - -153
3 -251 - -251
4 -269 56 -214
5 -2538 2533 -5
6 -146 - -146

Table 5.18: Net extraction per case study

5.8. Contribution fluxes per case study
The volume contributions of all fluxes in previous paragraphs were summarized (Table 5.19).

Case
study

∑
VRch

[m3]

∑
VExtr

[m3]

∑
VRet−Flw

[m3]

∑
VExt−Net

[m3]

∑
VTrans

[m3]

∑
VSSF−Perc

[m3]
∆VStorage

[m3]

1 584 -153 - -153 -1048 23 -593
3 549 -251 - -251 -925 -733 -1360
4 549 -269 56 -214 -1850 666 -849
5 664 -2538 2533 -5 -1331 -26 -698
6 597 -146 - -146 -1757 268 -1038

Table 5.19: Volume contribution of fluxes per case study

Water Balances
The fluxes were calculated to one-dimensional average vertical units (Table 5.20). The estimates of
case study four were displayed in the respective schematic drawing of the water balance (Figure 5.6).
The water balances of the other case studies can be found in Appendix B.4.



5.8. Contribution fluxes per case study 52

Figure 5.6: Schematic drawing with estimated one-dimensional vertical average fluxes at case study four. Schematic drawings
of the other case studies are located in Appendix B.4

Case
study

R̄
[mm/d]

¯Extr
[mm/d]

R̄F [mm/d] ¯Ext−Net
[mm/d]

¯ETTrans

[mm/d]
¯SSF − Perc

[mm/d]
∆H̄
[mm/d]

1 1.0 -0.3 - -0.3 -1.8 0.0 -1.0
3 1.0 -0.4 - -0.4 -1.6 -1.3 -2.4
4 1.0 -0.5 0.1 -0.4 -3.2 1.2 -1.5
5 1.2 -4.4 4.4 -0.0 -2.3 -0.0 -1.2
6 1.0 -0.3 - -0.3 -3.1 0.5 -1.8

Table 5.20: Average one-dimensional daily water fluxes per case study where ∆H̄ is absolute water instead of groundwater
table

Proportional contributions
Subsequently, the fluxes were calculated to proportional contributions (Table 5.21) in contrast to the
storage change (Formula 3.27). Mostly net extraction was in the same order of magnitude for all case
studies. The other fluxes varied significantly between locations.

Case
study

pRch pExtr pRet−Flw pExt−Net pTrans pSSF−Perc

1 99% -26% - -26% -177% 4%
3 40% -18% - -18% -68% -54%
4 65% -32% 7% -25% -218% 78%
5 95% -364% 363% -1% -191% -4%
6 58% -14% - -14% -169% 26%

Table 5.21: Contribution percentage fluxes per case study
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5.9. Extrapolation of fluxes in space
5.9.1. Assigning response units
The study area was divided into response units of approximately the same size as AFocus (Section
3.10). Subsequently, every response unit was assigned a representative value for recharge (Figure
B.27), evaporation (Figure B.28) and population (Figure B.29). A resemblance score (Formula 3.24)
was then calculated per response unit and every response unit was assigned the location with the high-
est score (Figure B.30). The total assigned area ALoc−i per location was calculated by summing the
areas of the polygons that were assigned to the concerned case study (Table 5.22). Approximately 79%
of the polygons were most similar to location one. Therefore location one is the most representative
location.

Case study Number of assigned response units Assigned area ALoc−i [m2]

1 53912 37.30E7
3 4176 2.89E7
4 1013 0.70E7
5 7406 5.12E7
6 2876 1.99E7

Total 69383 4.80E8

Table 5.22: Assigned sum of response unit areas per case study

5.9.2. Contributions total area
The contributions of fluxes in the total area (Table 5.23) were generated using the contribution of the
fluxes (Section 5.8) and assigned areas (Table 5.22). The average one-dimensional vertical flux was
calculated as well (Figure 5.7). The total proportion of net extraction in the total region was equal to
-21%. Intermediate calculation can be found in Appendix A.9

Figure 5.7: Schematic drawing with estimated one-dimensional vertical average fluxes for the whole study area
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Flux
∑

VRch

∑
VExtr

∑
VRet−Flw

∑
VExt−Net

∑
VTrans

∑
VSSF−Perc ∆VStorage

Total
[m3]

3.62E7 -2.54E7 1.66E7 -8.8E6 -6.81E7 -5E5 -4.12E7

¯Total
[mm/d]

1.03 -0.72 0.47 -0.25 -1.94 0.01 -1.17

Total
[%]

88 -62 40 -21 -165 -1 -

Table 5.23: Assigned contribution volumes in m3 and percentage

5.9.3. Uncertainty extrapolation method
The uncertainty of the extrapolation using groundwater response units on the final result was evaluated
using scenarios. Each case study was left out of the computation once in every scenario to check the
effect of dominant types of locations.

Re-assigned areas
The newly hypothetical assigned areas were calculated per scenario (Table 5.24). The scenario where
case study one was left out was most relevant because in the standard condition case study one was
assigned the most response units. Most response units were similar to case study five when location
one was left out.

Case study Without loca-
tion one [m2]

Without location
three [m2]

Without lo-
cation four
[m2]

Without loca-
tion five [m2]

Without loca-
tion six [m2]

1 - 39.71E7 37.32E7 39.90E7 37.34E7
3 3.85E7 - 2.93E7 2.91E7 2.89E7
4 0.84E7 1.05E7 - 1.21E7 2.48E7
5 40.55E7 5.26E7 5.33E7 - 5.29E7
6 2.76E7 1.99E7 2.42E7 3.99E7 -

Table 5.24: Re-assigned sum of response unit areas per case study

Re-calculating flux contributions
The assigned areas resulted in the following contributions for the different scenarios (Table 5.25). The
results were similar regardless of the scenario which is caused by the similarity between the case stud-
ies. The net extraction decreased when the first location was left out. In the other scenarios, the net
extraction remained relatively the same around 21%.

Left out
case study

∑
VRch

∑
VExtr

∑
VRet−Flw

∑
VExt−Net

∑
VTrans ∆VStorage

∑
VSSF−Perc

1 84% -282% 277% -5% -172% - -7%

3 94% -66% 44% -22% -179% - 6%

4 88% -63% 42% -21% -164% - -2%

5 85% -24% 0% -23% -164% - 2%
6 89% -64% 42% -22% -168% - 1%

Table 5.25: Re-assigned contributions for the scenarios in percentage
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5.10. Groundwater trend
Groundwater trends were determined using the 22 shallow wells monitored by CIMMYT over two years.
The groundwater trends were analysed by subdividing the measurements in the monsoon and dry sea-
sons (Section 3.11). The start and end of the hydrological seasons were estimated using precipitation
data (Section 3.11). The hydrological monsoon season in 2021 was estimated to start on the 4th or 5th
of May and end on the 21st or 22nd of October depending on the location. The hydrological dry season
subsequently began and lasted until the 18th or 26th of May or between the 20th and 26th of June. Sub-
sequently, the monsoon started again and ended on the 12th of October 2022 for all locations. Finally,
the second dry season began and lasted till the 20th of May. Notably, the dry seasons started and
ended when the monsoon seasons ended and started respectively.

5.10.1. Dry season
No correlation was found between groundwater level decrease and the effective precipitation in the dry
season (Figure 5.8a). This same applies to the relation between effective precipitation and the ground-
water table (Figure 5.8b). Additionally, the effective precipitation and influence on the groundwater
table were similar in both dry seasons for the 22 measurement points.

(a) Groundwater level decreases during the dry season (b) Groundwater level below the surface during the dry season

Figure 5.8: Dry season groundwater level decrease and groundwater levels at the end of the dry season plotted against
precipitation minus actual evaporation for two dry seasons and 22 measurement points

5.10.2. Monsoon season
Wediscovered a relationship between groundwater level increase duringmonsoon and the effective pre-
cipitation (Figure 5.9a). The monsoon season in 2021 received more effective precipitation compared
to the monsoon season in 2022. However, the groundwater level increase was approximately the same
in both years when it precipitated more than approximately 600 millimetres of effective precipitation at
the measurement point. The groundwater tables at the end of the monsoon season against the effec-
tive precipitation showed similar results between the years (Figure 5.9b). There is no clear difference
in groundwater level between the two years. Ultimately, the groundwater recovery and groundwater
levels below the subsurface were similar between the years even though the effective precipitation was
significantly different. The average effective precipitation in the monsoon seasons between 2013 and
2022 was 799 millimetres in the study area (Appendix B.31) [11]. The effective precipitation sums of
the monsoon seasons of 2021 and 2022 were 907 and 675 millimetres respectively [11].
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(a) Groundwater level recovery (b) Groundwater levels below the subsurface

Figure 5.9: Monsoon groundwater recovery and groundwater levels below the subsurface at the end of the monsoon season
plotted against precipitation minus actual evaporation for two monsoon seasons and 22 measurement points

5.10.3. Uncertainty groundwater trend
Actual evaporation data by SSEBop using VIIRS was reliable because it involves a closed energy bal-
ance. Despite that, the precipitation data was data by CHIRPS which was unreliable because it was
not calibrated (section 5.1.1). The exact value of the seasonal effective precipitation might thus be
different for both seasons. However, internal differences in precipitation sums are likely still reliable
and these are only required to draw conclusions.
CIMMYTmeasured the groundwater tables approximately once every month. Due to the determination
of seasons using precipitation, the season could be over at an unfortunate time between groundwater
measurements. The general trend in the analysis was reliable but therefore possibly contained outliers.
This could be observed in the monsoon with one outlier with more than 600 millimetres of effective
precipitation (Figure 5.9a).



6
Discussion

This research aims to assess whether groundwater resources are depleting due to the intensification
of groundwater extraction. In order to evaluate this, the size of flux contributions was analyzed and
seasonal groundwater recoveries were researched. This chapter discusses the findings, the process
itself, the assumptions, parameter influence, interpretation, limitations and recommendations.

6.1. Flux quantification per case study
We estimated the contributions of fluxes using case studies. Representative sites were selected within
the study area and a conceptualization was made for every location. Using the conceptualized water
balance, local fluxes were quantified within the border of each case study.

Reflection on methodology
Six representative case studies were selected in the area. These locations represented all different pos-
sible types of land cover as best as possible. A standard border for all case studies was determined
via the immediate effect of the cone of depression of pumping. Subsequently, in every case study a
conceptualization of the fluxes was made. The recharge flux was estimated by neglecting runoff and
assuming effective precipitation was equal to recharge. The precipitation and evaporation data was
obtained from the Ministry of Hydrology and Meteorology and subsequently assigned to the case stud-
ies via the inverse quadratic proportion of the distance. The Chloride Mass Balance method was also
performed to compare the recharge estimates. Extractions were estimated by separately visiting the
six case studies and inquiring about extractions for irrigation purposes and daily domestic extractions.
Location two was neglected because the extractions in the case study were not representative. Ex-
traction for irrigation was only present at locations four and five. Subsequently, irrigation return flow,
defined as the non-evaporated irrigation water, was only present at these locations as well. Transpi-
ration was present at all locations and estimated by remote sensing. The actual evaporation minus
evaporation during precipitation and irrigation was defined as transpiration. Transpiration was verified
using a derived crop factor. Storage change was determined via the specific yield and the total water
table decrease between the beginning and the end of the measurement time frame. The specific yield
was determined via the water table fluctuation method which required shallow and unconfined aquifers.
Subsurface flow and percolation were combined into one flux because individual quantification was not
possible. The combined net flux was estimated to close the groundwater balance.
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Assumptions and parameter choice influence in methodology
The field locations were assumed to be representative of all types of terrain even though they were not
spatially distributed. All types of terrain were included with different populations, vegetation, land uses
and positions with regard to the Bhabar zone and were therefore still assumed representative.
The border of the case studies was determined by pumping tests at two case studies. This assumed
that the subsurface at the other locations was similar. The resulting border of the two locations was
similar eventhough specific yield was different between the two locations. Specific yield also differed
between the other locations but this thus appears to be no issue. The border is therefore likely appropri-
ate for all locations. Besides, representative pumping tests were not possible due to the heterogeneity
of the subsurface or the absence of nearby wells.
Precipitation runoff was neglected because ground surface slopes appeared to be negligible, no sign
of surface runoff was found and precipitation events were infrequent. As a result, discharge in the river
was minimal which was also observed in the field.
The Chloride Mass Balance method to determine recharge did not result in reliable results. The interpo-
lation of the method likely caused biased results due to the precipitation distribution between seasons.
Furthermore, the source of chloride was assumed to be solely precipitation eventhough this was most
certainly untrue. Conclusively, the CMB-method does not give reliable results when measurements
only take place over a limited time frame. Perhaps the method does work when multiple years of mea-
surements are done. However, this is not a certainty due to the precipitation intensity diversity between
seasons and the likely pollution of the groundwater.
The inverse quadratic proportion of the distance was used to estimate the spatial distribution of evap-
oration and precipitation data. This design choice was judged to be the most effective method. Other
methods are Thiessen Polygons, Kriging and inverse linear proportion of the distance.
The effective porosity was assumed equal to the specific yield. The specific yield and effective porosity
are similar but not entirely equal. However, the difference between the values is minimal and what this
difference exactly is, was not determinable. Therefore the best guess was adopting specific yield as
the effective porosity.

Discussion on findings
The recharge flux via effective precipitation was on average between 1.0 and 1.2 mm per day at the
locations. This sounds like a reasonable estimate. Even when evaporation during precipitation was
drastically increased, the recharge did not significantly change. At every location, the flux was approx-
imately as big. However, at location three the flux was proportionally less significant because of the
larger storage loss.
Domestic extractions in the study area were per person approximately equal in all case studies. The
contribution of these domestic extractions was small compared to the other present fluxes. However,
if irrigation was present in the case study, the extractions increased drastically. The flux altered again
when irrigation return flow was included to estimate net extraction. Most irrigated water returned to the
subsurface. This was due to the timing of irrigation and the quick infiltration rates of the water. The
farmers irrigated in the early morning and during the night. Likely, most farmers irrigate during these
times because of the temperatures during the day. This is beneficial for groundwater resources be-
cause most water returns to the subsurface.
Transpiration was the largest flux in every case study during the measurement time frame (Table 5.19).
The flux was the dominant driver for groundwater table decrease during the dry season. Future climate
change will strengthen evaporation which increases potential transpiration and evaporation during irri-
gation and precipitation, ultimately causing accelerated groundwater depletion.
The subsurface flow- and percolation fluxes were directed inward and outward depending on the field
location. The net subsurface flow and percolation flux was slightly directed outwards at location five
eventhough a substantial amount of groundwater was extracted for irrigation at location five during the
measurement time. This would generally lead to subsurface flow towards location five. However, the
subsurface flow was outwards. Basically, the subsurface flow- and percolation flux outwards of location
five suggests that the net extraction was significantly lower than the total extraction. Thus confirming
actual evaporation during irrigation was not significant. The flux was uncertain because the determi-
nation of specific yield was an uncertain process. The flux consists of percolation and subsurface flow
however, the flux was mostly gaining water at the locations. This is remarkable because percolation
loses water to deeper layers. The general trend at the five locations was thus that the subsurface flow
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has on average a replenishing effect on the groundwater resources. This is in line with the expected
lateral recharge replenishment from the Bhabar zone (Section 2.1).

6.2. Extrapolation of case studies to study area using GRU
Local fluxes in the case studies were extrapolated using groundwater response units. This resulted in
a contribution per flux in the total study area.

Reflection on methodology
The entire study area was divided into multiple groundwater response units with all approximately the
same area as the case studies. All groundwater response units and case studies were assigned values
for recharge, evaporation and extraction determined with remote sensing. The response units were al-
located to one of the five case studies by comparing the response units with the case studies using
the characteristic recharge, evaporation and extraction values and selecting the most similar location.
Subsequently, the areas of the response units were summed for every case study and multiplied by
the fluxes to get total representative fluxes for the study area.

Assumptions and parameter choice influence in methodology
The response units were assumed to be representative of the type of terrain. They were assumed to
be extrapolatable to the whole study area because no unreasonable fluxes were found. Furthermore,
because the case studies were given different magnitudes by the response units no type of terrain got
undeserved too great of an importance.
Spatial CHIRPS precipitation data in combination with NVDI data was assumed to be representative
of recharge. The CHRIPS precipitation data was not reliable as was discussed earlier because of the
lack of calibration. However, the internal differences in CHRIPS precipitation are likely correct. Only
the internal differences were important because the response units were normalized. Therefore, the
CHIRPS precipitation data could be used to characterize precipitation per response unit. NVDI is pos-
itively correlated with infiltration rate but is not the only influencing factor for infiltration. For instance,
the porosity of the soil, the macrostructure of the soil and the depth of the groundwater are crucial as
well. However, these values were not quantifiable per response unit due to the limited subsurface in-
formation in the study area. The NVDI was therefore assumed to solely give representative estimates
for infiltration.
The population was assumed to be correlated with extraction. In areas with a larger population, more
domestic extractions were expected. However, more population does likely not lead to more extrac-
tion for irrigation because more population in an area means less room for farming lands. Therefore,
for irrigation extraction likely a smaller population would increase the chance for significant irrigation
amounts as was seen at location five. The exact population versus extraction curve is thus not known.
However, by assuming the case studies had a representative extraction per population, the extractions
of the case studies were still estimated as best as possible with the limited data.

Discussion on findings
The extrapolated fluxes showed a stable value for recharge. The recharge positively contributed 88%
of the storage change. This was a stable value because in the scenarios the recharge contribution
was a maximum of 6% different. Clearly, recharge is an important flux. When in the future climate
change alters the precipitation intensity, runoff could become significant. Ultimately, this would de-
crease recharge and put the groundwater resources under pressure.
Extractions were 62% of the decreased volume in the whole study area. However, 40% of the extrac-
tion volume returned back to the subsurface. This was partly attributed to the minimal evaporation
during irrigation at both locations by the low solar radiation during irrigation hours. The net extraction
contributed 21% of the storage loss in the total study area which was a relatively stable value in the
scenarios. The net extraction fluctuated with 2% in the scenarios or was insignificant compared to the
other fluxes.
Lateral recharge via the Babhar zone North of the study area is considered one of the main groundwater
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recharge factors. Quantifying exact values for lateral flow was not possible in this approach. However,
it is visible that individual locations get recharged by the lateral flow if limited extractions are present
in the case study. Mostly locations four and six got heavily recharged by subsurface flow eventhough
there were median extractions and the neighbouring areas were similar. This suggests the subsurface
flow is recharging the study area which is visible unless local heavy extractions compromise the results.
This occurred in case study three where the irrigation well was often used just outside the case study
border causing heavy outward subsurface flows. Ultimately, the subsurface flow does replenish the
groundwater table. However, as seen in the results, the combined net subsurface flow and percolation
flux in the upper aquifer flows net outward of the study area. Because subsurface flow was positively
net contributing, the net percolation could be substantially transporting water to a deeper layer. This re-
search focused on shallow unconfined aquifers. However, around 36% of the inhabitants have deeper
wells (Section 2.3). This deep extraction might lead to decreasing pressure in lower aquifers over time.
Eventually, this would increase the percolation from the shallow subsurface to the deeper aquifer.
Transpiration accounted for 165% of the groundwater storage loss. This number stayed relatively con-
stant with different scenarios and was therefore a stable number. Thus the transpiration flux was
approximately 8 times bigger than the groundwater resource loss by net extraction. Additionally, evap-
oration occurred in the time frame as precipitation and irrigation evaporation. Together this shows how
insignificant the net extraction is compared to the contribution of evaporation in the study area.

6.3. Groundwater resources depletion
To estimate groundwater resource depletion, the effective precipitation in the region was compared to
the groundwater table recovery and level after the seasons. Relations between the two would suggest
potential depletion.

Reflection on methodology
For the monsoon and the dry season, the effective precipitation was compared to the corresponding
groundwater table recovery. Extractions played an insignificant role in the dry season if there was a
relation between groundwater decrease and effective precipitation. Groundwater resources were not
recovered in the monsoon season if effective precipitation differences between the two years led to
different recoveries. Additionally, the groundwater level at the end of the seasons was compared to
the effective precipitation. For the dry season, this was used to potentially verify the insignificant role
of extractions. For the monsoon season, it was used to check whether the groundwater resources
were not replenished at a deeper depth. Lastly, the precipitation of the last 10 years was estimated via
CHIRPS data to check whether the last two years were not out of the ordinary.

Assumptions and parameter choice influence in methodology
CHIRPS data was assumed to be representative. This is a fair assumption because the precipitation
relative between locations is important and not the exact value. However, when an exact value is
wanted it would be best to measure precipitation using weather stations and compare the effective
precipitation and groundwater recovery in the same matter as was done in this research. Thus, the
precipitation threshold of 600 millimetres is not reliable but the drawn conclusion using this threshold
can be relied on.
Due to the hydrological determination of the seasons and the limited frequency of groundwater table
measurements, the groundwater table could not have been at its lowest or highest point at the transition
between the next season. This caused some uncertainties and outliers but the general picture of the
relation and thus conclusions still remains clear.

Discussion on findings
There is no clear relation between effective precipitation and groundwater level increase in the dry
season. This suggested that flux contributions are not only dominated by precipitation and evapora-
tion. Extraction and subsurface flow also contribute to the local groundwater table fluctuation in the
dry season. However, the regional role of extraction was relatively insignificant as was concluded in
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the previous paragraph. Furthermore, the effective precipitation and groundwater level table decrease
were similar for both seasons. This means that there was not a sudden significant general increase in
subsurface flow or extraction between the two years.
The sum of effective precipitation was 675 millimetres in the monsoon season in 2021 using CHIRPS.
The effective precipitation was 907 millimetres during the monsoon season in 2022. The latter is signif-
icantly more. However, the groundwater increase was approximately the same between the seasons.
Locations that received around 600 millimetres or more of effective precipitation had a similar ground-
water level increase over the two years. This same applies to the groundwater levels at the end of
the monsoon period. Conclusively, the upper aquifers are replenished if the effective precipitation in
a year is around 600 millimetres or more and the groundwater table where resources are potentially
replenished does not deepen over the years. In the last ten years, effective precipitation was once
below this threshold, in 2015. Nonetheless, the average effective precipitation over the last ten years
was 799 millimetres. Therefore, nothing suggests that groundwater resources in the upper aquifers are
currently depleting.

6.4. Limitations and recommendations
The case studies were assumed to be representative eventhough there were only six and they were
not spatially distributed. This was for a number of reasons. First of all, there was limited time to in-
stall and revisit sites. The travel time would drastically increase by spreading the case studies more,
especially considering the accessibility of most rural areas in the Banke district and the state of the
roads. Secondly, limited resources made only six groundwater time series possible. Lastly, completely
abandoned wells where the surroundings matched the different types of terrain were difficult to find in
an unknown region. There is a possibility that the six case studies had similar fluxes which were not
representative of the whole region. This potentially gave a distorted picture of the groundwater flux
distribution. Therefore, to strengthen the reliability of the results it would be beneficial to increase the
number and spatial distribution of the case studies.
This research focused on the upper aquifer. However, because of the intense deep extractions, there
could also be a building depletion in deeper layers. This depletion would result in increased percola-
tion and eventually deplete the upper aquifer as well. Percolation could be substantial as observed
in this research, but we did not isolate the percolation flux therefore exactly quantifying this flux is im-
possible. CIMMYT is already observing five deep wells in the study area. Unlike the shallow wells, no
full groundwater recovery can be distinguished after the monsoon season for the deep wells (Figure
6.1). Therefore, we recommend expanding the number of monitored deep wells and performing local
research in deep well extractions to see if these limited numbers of wells are representative.
Three weathering stations measured precipitation close to the study area. Furthermore, two weather
stations measured the required parameters for potential evapotranspiration. Therefore, spatial inter-
polation of precipitation and evaporation data was required. This decreased the reliability of the data.
Additionally, both precipitation and evaporation data contained multiple missing days. This unmistak-
ably decreased the reliability of the recharge flux using effective precipitation. The reliability of the flux
could be strengthened if there was more spatial data. For instance, there were 4 unused meteorolog-
ical institutions close to the area which could also measure data. Additionally, the documentation of
data by the meteorological stations could be updated to miss fewer days of data.
The recharge determined via the CMB method did not coincide with the results via the meteorological
stations. It would be interesting to see the results of longer-term chloride observations with a bigger
spatial distribution in future research. However, there is a great possibility that the results will again be
unsatisfactory due to the number of unjustified assumptions.
We also used precipitation and actual evaporation data from satellite products. These satellite products
have limited resolutions. For instance, VIIRS ET SSEBop data has a spatial resolution of 1000 meters
and CHIRPS data even has a resolution of 4800 meters. The resolution surface is respectively 125 and
2900 times bigger than the size of the areas of the case studies. Likely, field location six was assigned
a higher crop factor than expected due to this resolution issue. The issue could be solved by larger
response units in future research. However, this would also increase the necessary local resources.
Irrigation occurred at beneficial times during the measurement time frame. The farmers at locations
four and five both irrigated in the evening, night or early morning. During these times the potential
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evaporation was at its lowest. It is likely that not all farmers irrigate during these times. Therefore, the
real evaporation during irrigation in the total region is potentially larger. The irrigation moment could be
a question in the next questionnaire by CIMMYT. This way it can be researched if all farmers have the
same timing as the farmers at locations four and five. Otherwise, awareness about irrigating outside of
high radiation hours could be increased in the region.
Another limitation of the study was the amount of farming during the measurement period. In the mea-
surement time frame, the majority of farmers did not farm crops anymore due to the heat. They recently
harvested their maize and waited for the monsoon to farm rice. Therefore, the extraction due to irriga-
tion could have been underestimated. Performing the same research at another time frame in the dry
season would be interesting for future studies.
The potential depletion of groundwater resources was investigated by looking at the sum of effective
precipitation in the monsoon seasons. However, the distribution of the effective precipitation was not
examined. A precipitation event with high intensity leads in general to less infiltration because more
water runs off to rivers. Although the general trend was so clear, this could potentially have an effect.
The monsoon season in 2023 could be included in the analysis to strengthen reliability. This can be
done as soon as measurements of precipitation, evaporation and the groundwater table of the mon-
soon season 2023 are ready. The hypothesis of non-depleting groundwater resources is strengthened
with an extra sample year.
This study accurately estimated potential depletion and the contribution of fluxes to the groundwater
table decrease in the dry seasons. However, a general regional groundwater flow trend was not distin-
guishable. Whether upstream groundwater resources are heavily recharged by lateral flow and whether
this decreases downstream was not determined. A lateral subsurface flow flux from the Banke district
to India in the South was thus not quantifiable either. When these regional subsurface flow patterns are
desired, we recommend building a groundwater model regardless of the uncertainties accompanying it.

Figure 6.1: The monsoon groundwater recovery at the end of the monsoon season against the effective precipitation for the
five deep wells monitored by CIMMYT
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Summary and conclusions

Groundwater extraction increased significantly in the last decade. Together with climate change this
potentially puts groundwater resources at risk. The Banke district in the Terai is one of the most critical
areas in Nepal regarding socioeconomic indicators and is therefore vulnerable to depletion. This study
assessed the current availability of groundwater resources in this area. Specifically, we researched
the impact of extraction on the potential depletion during the most critical dry season. This was done
by investigating the different fluxes that influence the groundwater table and observing groundwater
trends. The research question to answer was formulated as follows:

“Are the groundwater resources in the agricultural and urban development areas of the
Banke district depleting due to the intensification of extractions from the groundwater?”

This research question consists of two parts.

• “How can the fluxes in the area be quantified and what is the proportional contribution of extrac-
tions during the dry season?”

• ”How well are groundwater resources replenished after the monsoon seasons?”

Field research at six case studies was performed to obtain insight into local fluxes influencing the
groundwater table. Extraction volumes were estimated by interviewing the local residents of these
field locations. Furthermore, recharge and evaporation were estimated using data from meteorologi-
cal measuring stations and satellite products. Potential irrigation patterns and their corresponding net
extractions were inquired from local farmers. The groundwater storage changes between the 24th of
March and 4th of June were determined using a time series of the groundwater table. Water pressure
devices measured the hourly groundwater tables of six representative locations. A specific yield was
extracted from the time series to calculate the groundwater volume of the decreased groundwater table.
Finally, subsurface flow and percolation were merged as a combined lateral and vertical groundwater
flow flux and considered to be closing the groundwater balance. Subsequently, the fluxes were ex-
trapolated using groundwater response units. The response units were delineated using population
data and actual evaporation and precipitation were extracted from satellite products. By giving similar-
ity scores the response units were assigned to case studies. The groundwater response units were
treated the same as their most similar case study. In the end, transpiration was the most dominant
driver for groundwater table decrease during the dry season. However, surface evaporation fluxes
during irrigation and precipitation were not significant. High percentages of precipitation and irrigated
water therefore reached the groundwater table as recharge and irrigation return flow respectively. The
net surface flow and percolation flux varied over the study area but led to a small net loss in the whole
area. Ultimately, the net extraction in the area contributed to 21 % of the total groundwater depletion
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during the dry season.
Twenty-two shallow wells in the area were monitored approximately every month for over two years
by CIMMYT. Thereby, they measured the groundwater levels of two monsoon and dry seasons. The
groundwater increase and groundwater levels were compared to the effective precipitation in both sea-
sons to get an insight into the effect of seasonal precipitation. No relation was found between effective
precipitation and groundwater recovery in the dry season. This suggests that fluxes like extraction
could locally play significant roles. No heavily enhanced extraction or subsurface flow can be found
between the years either. In the monsoon season, no difference was seen between the years regard-
ing groundwater recovery. Even though, the effective precipitation between the years was significantly
different. This suggested that there is a certain current threshold of effective precipitation where the
groundwater resources are replenished again. The average precipitation of the last ten years was sig-
nificantly above this threshold. Ultimately, this means that the groundwater resources are replenished
during the monsoon seasons.

Conclusively, groundwater resources in the agricultural and urban development areas of the Banke dis-
trict do not seem to be depleting due to the intensification of extractions from the groundwater. Specif-
ically, other fluxes than extraction play a more significant role in the groundwater balance during the
dry season. Furthermore, currently, the monsoon season is ample possible to replenish the decreased
volume during the dry season.
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A
Appendix A: Additional information

A.1. CIMMYT
CIMMYT is an international organisation that focuses its efforts on aiding developing countries. Their
attention centres on farming, mainly wheat and maize. Their primary focus in Nepal is to a great extent
on the specified study area. This research is at their request.

Data by CIMMYT
CIMMYT has been monitoring multiple wells in the study area at an approximate one-month interval. In
the study region, 22 shallow wells (Figure B.10) have been monitored for over two years. Additionally, 5
deep wells have been monitored. The median of well depths by participants of CIMMYTs questionnaire
was approximately 20 metres (Figure A.1).

Figure A.1: Well depths occurrences by the questionnaire from CIMMYT
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A.2. Meteorological station data

Changes made to precipitation data

• Precipitation was given in UTC and therefore had an offset of 5:45 hours. It was assumed the
offset was 6 hours.

• Single missing values in a sequence of zero precipitation were assumed 0.
• All values from the meteorological station Khajura Khurda were missing between 13/04/2023 at
05:00 and 16/04/2023 at 14:00. The values were adopted from Nepalgunj Airport because that
was the closest station.

• Between 28/04/2023 at 06:00 and 02/05/2023 at 10:00 all values were missing for all stations.
Station Khajura copied values from CHIRPS data. During those days it precipitated for 11 mil-
limetres according to CHIRPS data. This was most likely between the 30th between 05:00 and
08:00 according to the time series at Khajura Khurda (case study one). Therefore, the daily
CHIRPS precipitation was uniformly distributed over these four hours. Based on CHIRPS data,
at Nepalgunj Airport and Shyano Chepang it precipitated 10.5 millimetres and 14.5 millimetres re-
spectively. The timing was copied from Khajura Khurda because no time series were measured
so close to a weather station as Khajura Khurda which makes the timing at Khajura the most
reliable.

• Values from 21/04/2023 between 07:00 and 25/04/2023 at 00:00 were missing for Nepalgunj
Airport and were taken from Khajura Khurda because that is the closest station.

• Values from 21/04/2023 at 07:00 till 27/04/2023 00:00 were missing for Shyano Chepang and
were adopted from Khajura Khurda.

Precipitation data selection per location

• The data of Khajura Khurda was entirely used for location one due to its proximity within a kilo-
metre of the station.

• Location two lies directly in between the Airport station and Shyano station. The data for loca-
tion two was therefore a combination of those two stations in quadratic inverse proportion to the
distance which was 12 and 16 km respectively. Station Khajura Khurda was not used for this
data.

• The Nepalgunj Airport weather station was most relevant for locations three and four. The other
stations were in approximately the same direction and farther than the Nepalgunj Airport station
and were thus neglected.

• Data at location five was determined byweathering stations ShyanoChepang and Khajura Khurda
because case study five lays directly between those two stations. This was calculated quadrat-
ically inversely proportional to the distances which were 9 and 19 km respectively. The airport
weather station was ignored for this location.

• The data for location six was approximated by a combination of the stations Airport and Shyano
and have distances of 13 and 16 km respectively.

Changes made to evaporation data

• Daily sunshine hour data was received as hourly data and resampled to daily for Nepalgunj Air-
port.

• Relative humidity by measuring station Khajura Khurda was given at 3 AM and 12 AM, which was
assumed to be the highest and lowest of the day.

• Relative humidity was measured four times per day by measuring station Nepalgunj Airport,
namely 3, 6, 9 and 12 AM. The minimum and maximum of every day was calculated regardless
of the exact time.
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• Maximum air temperature was measured daily at 12 AM and minimum air temperature at 3 AM
by the weathering stations of Nepalgunj Airport and Khajura.

• Solar radiation is in UTC and therefore has an offset of 5:45 hours. It is assumed the offset was
6 hours.

• Solar radiation data from Khajura Khurda was missing between the 13th of April at 1 PM until the
16th of April at 1 PM. The data from Nepalgunj Airport was copied during those days.

• Solar radiation data from Khajura Khurda and Nepalgunj Airport was missing between the 28th of
April and 2nd of May. The radiation on the 27th of April was copied for all those dates.

• Missing solar radiation values in the night were assumed to be zero.
• Single missing hours were filled in by linearly interpolating.

Evaporation data selection per location

• The data of Khajura Khurda was fully used for location one.
• Location two is 14 kilometres from Khajura Khurda and 12 kilometres from Airport. The quadratic
inverse distance was used to calculate the weight of each station.

• Locations three and four were one-on-one copied from Nepalgunj Airport.
• Location five is 19 kilometres from both stations and was assumed to be the average of the two
data sets.

• Location six is 15 kilometres from Khajura Khurda and 13 kilometres from Nepalgunj Airport. The
quadratic inverse distance was used to calculate the proportion of each station.

A.3. Pastas Python package
Pastas is a Python package which simulates a time series based on an evaporation data set, optional
irrigation data set, precipitation data set and measurements [8]. Precipitation and evaporation data sets
are simulated as gamma functions and extractions as the Hantush function. The parameters required
for these functions are fitted using least squares to the observed data. The fitted model parameters
A, n and a are used to fit the gamma function, the parameter f is the crop factor, the trend parameters
are to fit the trend, alpha and beta represent parameters to fit the noise model and parameter d is the
constant base level of the simulation. The specific yield is a parameter that is not reported but can be
extracted from the simulated data set.
The Pastas package does not make a distinction between transpiration or evaporation during irrigation
and recharge. It uses the crop factor with the potential evapotranspiration over the whole time se-
ries. Even though, the evaporation during precipitation and irrigation is higher, namely the full potential
evapotranspiration. The precipitation and irrigation depth were therefore adjusted with the inverse of
the crop factor times the potential evapotranspiration. Subsequently, the correct evaporation was used
when the Pastas package fits the crop factor with the potential evaporation to the time series.
A linear trend was added to the fit to represent the additional groundwater table decrease by domes-
tic extraction, net subsurface flow and percolation during the dry season. The fit does not perfectly
capture the observed data because hourly fluxes of for instance extractions and subsurface flow were
unknown. Fortunately, it is only important that recharge events are fitted well. Specific yield is not one
of the fitted parameters but can be determined with the WTF-method using the simulated recharge
contribution. The differences between the lowest and highest points were extracted at every location.
This sometimes included extrapolation when the low point was not reached yet. The difference was
only calculated if the high point was at a local high and not increasing.

A.4. Percentile modelling choice
Uncompensated and compensated occurrences of data were visualized without the 1st percentile and
99th percentile. This is because the lowest and highest bins had significantly more data points than
the other bins. Therefore, the distribution of the middle part would not have been visible. Note, this is
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also why the count on the y-axis varies per category. Before, normalized population occurrences were
skewed on the low side between 0 and 0.1 (Figure A.2). The occurrences are more uniformly spread
by removing the 2.5% percentiles. Secondly, normalized recharge was highly concentrated around
0.7 (Figure A.3). Recharge is more uniformly spread by removing the percentiles. Lastly, Evaporation
occurrences were mostly located around 0.5 and are much more uniform by removing the percentiles
(Figure A.4). It is important to make the data more uniform because the similarity score calculates an
absolute distance. Uniform-like distributions are beneficial to prevent one parameter from dominating.

(a) Uncompensated (b) Compensated with 2.5 percentile

Figure A.2: Normalized population occurrences in response units

(a) Uncompensated (b) Compensated with 2.5 percentile

Figure A.3: Normalized recharge occurrences in response units

(a) Uncompensated (b) Compensated with 2.5 percentile

Figure A.4: Normalized evaporation occurrences in response units
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A.5. Case study coordinates

Coordinates
pressure device

Latitude (N) Longitude (E)

1 28.11907 81.59702
2 28.21098 81.68452
3 28.04282 81.71287
4 28.07743 81.70812
5 28.27472 81.66850
6 28.21077 81.71328
Barometer 28.16053 81.67240

Table A.1: The coordinates of the six case studies in WGS decimal degrees N and E

A.6. Irrigation times correction
The farmer at location five was instructed to keep a record of when and for how long he irrigated and
thus removed the water pressure device from his well. The farmer removed the water pressure device
for the first time at the first big drop in the hourly time series (Figure A.5). He irrigated for two days in a
row and looking at the data he left the pressure device out overnight. After converting Nepali dates into
European dates, he recorded irrigation on the nights of the 25th/26th and 26th/27th of April. The time
series showed however that that should have been the nights of the 19th/20th and the 20th/21st. The
hours he wrote down were assumed to be correct (Table 4.7). The night of the 11th/12th of May was
not mentioned by the farmer. However, there was an extraction by the recovering time series after the
removal. It was assumed that he or someone else irrigated nonetheless from his groundwater well with
the same discharge. At 7 PM the first measurement outside the well was taken and at 5 AM the last
measurement outside the well was done, which is a 10-hour difference (Table 4.7). The last two dis-
charge events were on the nights of the 18th/19th and 19th/20th of May according to the data, which was
two days later than the dates the farmer wrote down. Regardless the corresponding irrigation timings
were adopted one-by-one (Table 4.7). The farmer did not record the last removal of the water pressure
device and no drawback is visible. Therefore, it was assumed that accidentally someone pulled it out
for a couple of hours without removing any water.

Figure A.5: Uncompensated time series of groundwater levels at case study five

The data was also corrected for the incorrect way that the pressure device was returned inside the
well on the 21st of April. Eight hours after the device was put back the groundwater level stabilized
for 6 hours. All measurements after that were compensated by taking the difference between the last
measurement before the pressure device was removed and this temporary equilibrium. Later on the
11th of May, the device was correctly put back as it initially hung in the well before the 21st of April.
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The data after the 11th of May was therefore not compensated. This was assumed because the pres-
sure device was thoroughly attached to the lid on the well. When the lid was put back the pressure
device would automatically be in the same location. It is unclear how this went wrong on the 21st of April.

A.7. Transpiration results
The actual evaporation at every location was obtained from VIIRS with the SSEBop method. By sub-
tracting the evaporation during irrigation and precipitation from the actual evaporation, the transpiration
was calculated (Table A.2).

Field location
∑

VETa [m3]
∑

VETRch
[m3]

∑
VETIrri

[m3] |
∑

VTrans| [m3]
1 1073 25 - -1048
3 950 25 - -925
4 1876 25 1 -1850
5 1376 40 5 -1331
6 1794 37 - -1757

Table A.2: Transpiration calculation via the evaporation sum

A.8. Net subsurface flow and percolation results
The net sub-surface flow/percolation flux (Table 5.16) was estimated to close the water balance and
thus calculated by reversing the water balance (Formula 3.17).

Field
location

∑
VRch

[m3]

∑
VExtr

[m3]

∑
VRet−Flw

[m3]

∑
VGWT−Evap

[m3]
∆VStorage

[m3]

∑
VSSF−Perc

[m3]

1 584 -153 - -1048 -593 23
3 549 -251 - -925 -1360 -733
4 549 -269 56 -1850 -849 666
5 664 -2538 2533 -1331 -698 -26
6 597 -146 - -1757 -1038 268

Table A.3: Net sub-surface flow/percolation calculation via the reversed water balance

A.9. Intermediate calculation flux contributions
All fluxes per case study were multiplied by the assigned area (Table A.4).

Field
loca-
tion

∑
VRch

[m3]

∑
VExtr

[m3]

∑
VRet−Flw

[m3]

∑
VExt−Net

[m3]

∑
VGWT−Evap

[m3]

∑
VSSF−Perc

[m3]
∆VStorage

[m3]

1 2.771E7 -7.26E6 0 -7.26E6 -4.980E7 1.11E6 -2.820E7
3 2.03E6 -9.3E5 0 -9.3E5 -3.41E6 -2.71E6 -5.01E6
4 5.0E5 -2.4E5 5E4 -1.9E5 -1.66E6 6.0E5 -7.7E5
5 4.34E6 -1.656E7 1.654E7 -4E4 -8.70E6 -1.7E5 -4.57E6
6 1.52E6 -3.7E5 0 -3.7E5 -4.47E6 6.8E5 -2.64E6

Total 3.62E7 -2.54E7 1.66E7 -8.8E6 -6.81E7 -5E5 -4.12E7
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Field
loca-
tion

∑
VRch

[m3]

∑
VExtr

[m3]

∑
VRet−Flw

[m3]

∑
VExt−Net

[m3]

∑
VGWT−Evap

[m3]

∑
VSSF−Perc

[m3]
∆VStorage

[m3]

Total
propor-
tion

88% -62% 40% -21% -165% -1% -

Table A.4: Assigned contribution volumes in m3 and percentage for all relevant case studies



B
Appendix B: Additional figures

B.1. Chapter 2

Figure B.1: Location of study area within Nepal

76



B.2. Chapter 3 77

Figure B.2: Elevation map of Nepal where the red circle marks the approximate location of the study area [43]

B.2. Chapter 3

Figure B.3: Three precipitation stations denoted by green markers. Station one is Nepalgunj Airport, station two is Khajura
Khurda and station three is Shyano Chepang



B.2. Chapter 3 78

Figure B.4: Double mass curve of measurements of one station against the average cumulative measurement of all stations

Figure B.5: Double mass curve of measurements of one station against the average cumulative measurement of all other
stations
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Figure B.6: Two stations denoted by purple markers measuring the required parameters to estimate potential
evapotranspiration. Station one is Nepalgunj Airport and station two is Khajura Khurda
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Figure B.7: Precipitation sum of the study area over the relevant time frame using CHIRPS

Figure B.8: Average NVDI of the study area over the relevant time frame using Landsat 5, 7, 8 and 9
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Figure B.9: Actual evaporation sum of the study area over the relevant time frame using Visible Infrared Imaging Radiometer
Suite

Figure B.10: Locations of 22 relevant monitoring wells of CIMMYT
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B.3. Chapter 4

Figure B.11: Photo of pump characteristics of the farmer at case study five

B.4. Chapter 5

Figure B.12: Fitted Pastas time series of case study one with residuals, recharge and transpiration contribution, trend and step
response all in meters accompanied by the fitted model parameters. The fitted model parameters A, n and a are used to fit the

gamma function, the parameter f is the crop factor, the trend parameters are to fit the trend, alpha and beta represent
parameters to fit the noise model and parameter d is the constant base level of the simulation
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Figure B.13: Observed peaks of recharge contribution to the groundwater table of case study one

Figure B.14: Fitted Pastas time series of case study three with residuals, recharge and transpiration contribution, trend and
step response all in meters
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Figure B.15: Observed peaks of recharge contribution to the groundwater table of case study three

Figure B.16: Fitted Pastas time series of case study four with residuals, recharge and transpiration contribution, trend and step
response all in meters accompanied by the fitted model parameters



B.4. Chapter 5 85

Figure B.17: Observed peaks of recharge contribution to the groundwater table of case study four

Figure B.18: Fitted Pastas time series of case study five with residuals, recharge and transpiration contribution, trend and step
response all in meters accompanied by the fitted model parameters
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Figure B.19: Observed peaks of recharge contribution to the groundwater table of case study five

Figure B.20: Fitted Pastas time series of case study six with residuals, recharge and transpiration contribution, trend and step
response all in meters accompanied by the fitted model parameters
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Figure B.21: Observed peaks of recharge contribution to the groundwater table of case study six

Figure B.22: Typical specific yield values according to the online books published by The Groundwater Project [52]
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Figure B.23: Schematic drawing with estimated one-dimensional vertical average fluxes at case study one

Figure B.24: Schematic drawing with estimated one-dimensional vertical average fluxes at case study three
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Figure B.25: Schematic drawing with estimated one-dimensional vertical average fluxes at case study five

Figure B.26: Schematic drawing with estimated one-dimensional vertical average fluxes at case study six
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Figure B.27: Groundwater response units with normalized recharge

Figure B.28: Groundwater response units with normalized evaporation



B.4. Chapter 5 91

Figure B.29: Groundwater response units with normalized population density
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Figure B.30: Groundwater response units with an assigned location

Figure B.31: Average yearly CHIRPS precipitation minus VIIRS actual evaporation in the study area



C
Appendix C: Additional documents

The Environment Research Laboratory in Kathmandu measured the chloride and electrical conductivi-
ties of the sampled water. The codes G stands for ’Groundwater’, the R for ’River’ water and the P for
’Precipitation’. The first number after the letter stands for the measurement location and the second
number behind the point denotes the sample number during that specific fieldwork.
During the first batch of samples, the electrical conductivity was measured wrongly. All these values
were structurally far too high [10]. The electrical conductivity of the first batch was judged to be not
reliable enough to be used for any calculation in this report. The second batch indicates that the wa-
ter is not brackish, but the EC measurements were not used any further. Eventually, the median of
groundwater chloride samples for every case study of the groundwater was used.
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Figure C.1: Water analysis report 1
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Figure C.2: Water analysis report 2 page 1
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Figure C.3: Water analysis report 2 page 2
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Figure C.4: Full size land use map of the Banke district [31]
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Figure D.1: Photos taken at case study one
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Figure D.2: Photos taken at case study two
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Figure D.3: Photos taken at case study three
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Figure D.4: Photos taken at case study four
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Figure D.5: Photos taken at case study five
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Figure D.6: Photos taken at case study six
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