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ABSTRACT

River-Aquifer Interaction is a complex phenomenon that occurs through the
sediment-water interface in the hyporheic zone. The interactions vary spatially and
temporally along the river reach depending on topography and geology. Understanding the
mechanism as well as quantification is an important aspect of the hydrological cycle for
sustainable water management. The thesis aims to understand and quantify the river-aquifer

interaction process in an agriculturally dominated basin of Kosi River, India.

Many recent studies that focused on the assessment of river-aquifer interactions
used field, lab and modelling techniques. Among all, mathematical models to a certain
extent utilize the physical processes to understand and quantify the interaction. However,
for the better assessment of river-aquifer interaction, mathematical models need accurate
inputs (recharge, evapotranspiration) and parameters (riverbed and aquifer properties).
Groundwater models are also suitable to study river aquifer interactions and it consists of
some essential parameters like recharge and riverbed conductivities. In this study,
prominence is given in accurately estimating recharge and riverbed hydraulic conductivity

prior to groundwater modelling.

As groundwater recharge is an important component, the present study estimates
monthly groundwater recharge at sub-basin scale using semi-distributed surface water
hydrological modelling (SWAT- Soil Water and Assessment Tool) and Soil Water Balance
(SWB) method. Whereas, seasonal groundwater recharge was estimated at sub-basin scale
using Water Table Fluctuation (WTF) and Rainfall Infiltration Factor (RIF). The results of
the study showed that monsoonal recharge estimated using WTF and RIF methods did not
capture the wet and dry year effects. In addition, monthly groundwater recharge estimated
using a well-calibrated and validated semi-distributed model (SWAT) with observed
discharge, over-predicted the recharge. Also it is not able to capture the effects of wet and
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dry years on recharge due to the under-prediction of simulated Actual Evapotranspiration
(38% of observed AET). While SWB method improved the monthly groundwater recharge
estimations and also captured wet and dry effects on groundwater recharge in the study
zone. However, these monthly groundwater recharge values (estimated using SWAT and
SWB methods) were further utilized in groundwater modelling to reconfirm the suitable

method for recharge estimation of Kosi river basin.

Another important component of groundwater modelling is riverbed hydraulic
conductivity, which can significantly influence the river-aquifer interaction process. In this
study, heat was used as a natural tracer to estimate the fluid flux and riverbed hydraulic
conductivity. For this purpose, a series of laboratory-based experiments were conducted in
a sandbox with four different scenarios (soil combinations) and conditions (temperature
gradients and ponding depths). Initially, temperature profiles were measured in a soil
column at different depths and these variations were further analyzed to estimate fluid
fluxes using analytical solutions of Hatch and Kerry (Amplitude Ratio (AR) and Phase
Difference (PD)) methods. The results showed that fluid fluxes estimated using the Keery
AR method were found to have a good agreement with the seepage velocity. These fluxes
were further utilized to estimate the hydraulic conductivity of different soil layers using
Darcy’s law. Finally, effective hydraulic conductivity of a soil column for all different
scenarios was calculated from the estimated hydraulic conductivities and further utilized

for calculating riverbed conductance for groundwater modelling purpose.

Later, using these estimated groundwater recharge and riverbed hydraulic
conductivity along with other input parameters (evapotranspiration, ground top elevations
and aquifer characteristics), groundwater modelling of Kosi river basin was carried out for
two different cases. In the first case, modelling was carried out with recharge estimated
using SWAT model whereas in the second case, the modelling was performed with
recharge estimated using SWB method. The results showed that monthly groundwater
levels simulated using SWAT recharge-based groundwater flow modelling (case 1) has less
correlation with observed groundwater levels. Also the model was not able to capture the
wet and dry year effects. Whereas, simulated groundwater levels in the model using SWB
based recharge were having a better agreement with the observed groundwater levels and
also found to capture the effects of wet and dry years. It was also noted that the model was
able to capture the effects of wet and dry years on the river-aquifer exchange process. Three
different interaction zones were identified from upstream (Kosi barrage) to downstream
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(conferencing point with Ganga river) in the study reach. It is observed that the river always
loses water to the aquifer (as influent) in Zone 1 (80 km from upstream) and the river mostly
gains water from the aquifer (as effluent) in Zone 111 (40 km above downstream). Whereas,
in the middle reaches (Zone 11), the river has a combination of both influent and effluent
natures. At the upstream, the river always loses water to the aquifer and mostly gains water
from the aquifer at downstream during wet and dry years indicates the significant influence
of topography on river-aquifer exchange flux. The results obtained in case Il modelling
with different riverbed conductance values of different scenarios (soil combinations)

indicate that the river-aquifer interactions are highly sensitive to the riverbed conductance

Overall, this inter-comparison of groundwater modelling results indicates, remote
sensing inputs (recharge and evapotranspiration used in SWB method for estimating
recharge) along with estimated riverbed conductance values can improve the assessment

and understanding of the river-aquifer interaction process in an alluvial River Basin.
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INTRODUCTION

INTRODUCTION

Water is a unique substance and exists as a solid, liquid or gas [Young and
Haveman, 1985; Harlen and Holroyd, 1997]. On the earth, approximately one billion cubic
kilometres of water is available and covers nearly three fourth of the earth’s surface
[Biswas, 1996; Bhat, 2014]. In fact, less than only one percent of its total quantity is fresh
and usable and is found in groundwater, lakes, ponds, and rivers [Gleick, 1996]. This
quantity is quite enough to meet the needs of five to ten times the existing world population.
But, due to the lack of proper management of water resources, scarcity problems come into
attack [Almas and Scholz, 2006; Jain, 2019]. In this modern era, Integrated River Basin
Management (IRBM) has become a practice in general [McNally and Tognetti, 2002;
Evers, 2016]. Assessment of River-Aquifer Interactions will play a major role in providing
valuable information for sustainable planning and management of water resources
[Sophocleous, 2002]. From the ecological point of view, low seasonal flow is playing a
major role in the sustainability of aquatic species [Rolls et al., 2012; Rolls and Bond, 2017].
This low flow generally originates from the baseflow from the groundwater to a stream
[Kendy and Bredehoeft, 2006]. In this aspect also, river-aquifer interaction plays a major
role [Ivkovic, 2009]. Moreover, contaminants from groundwater may reach stream water
which is a severe condition to the health of a river [Carter, 2000]. Understanding river-
aquifer processes may help to attenuate the pollutants [Smith et al., 2009]. By keeping all
these points in view, it is understood that river-aquifer interaction processes need to be
focused in hydrological studies [Fleckenstein et al., 2010; Krause et al., 2014].
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1.1 RIVER-AQUIFER INTERACTIONS

River-Aquifer interaction is a natural process and a complex phenomenon to
understand its physical dynamic processes [Sophocleous, 2002; Rassam et al., 2008; Li et
al., 2018; Manoj et al., 2019]. Investigation of these interactions are to be conducted at the
river reach scale and generally classified as connected and disconnected systems [Winter
et al., 1998; Fleckenstein et al., 2006; Zhang et al., 2012]. As shown in Figure 1.1, river-
aquifer interactions can take place in three types A) water flux entering from aquifer to
river (gaining stream/ effluent stream), B) water flux leaving from river to aquifer (losing
stream/ influent stream) or, C) combinations of both and this nature of exchange will
change in both spatial and temporal scales [Banks et al., 2011]. Due to differences in the
total head of river water and groundwater, either a river loses water to the shallow aquifer
or gains water from a shallow aquifer [Dawoud and Ismail, 2013]. This general condition
for gaining and losing stream in aquifer is shown in Figure 1.1.

Extensive research works have been carried out on river-aquifer interactions
globally by using various technologies like mathematical models and field studies for
understanding the physical dynamic processes and quantifying river-aquifer exchange
fluxes [Chitsazan et al., 2014; Tang et al., 2017; Vrzel et al. 2018; Sahoo and Sahoo, 2019].
Mathematical modelling involves adoption of numerical and analytical methods [Lautz and
Siegel 2006; Baalousha, 2012; Bailey et al., 2016], whereas experimentations along with
field investigations involve piezometric level measurements [Baxter et al., 2003], thermal
profiling [Anibas et al., 2016], environmental tracer [Stellato et al., 2008] and isotopic
studies [Zhao et al., 2018]. Some studies suggest that simple and cost-effective methods
such as data-driven and tracing techniques approaches will not serve for better
understanding of river-aquifer interactions as these methods do not concern with the
physical processes that govern the exchange [Sophocleous, 2002; Krause et al., 2014].
Hence, at present, most of the researchers extensively use physical-based mathematical
models [Kim et al., 2008; Izady et al., 2015] for quantifying the river-aquifer interaction

process.

However, for the better assessment of river-aquifer interaction, numerical models
need accurate inputs (such as recharge, evapotranspiration, etc.) and parameters (such as
riverbed and aquifer properties [Brunner et al., 2017]. Direct measurement of a few
components (especially groundwater recharge and riverbed hydraulic conductivity) is
extremely difficult and has to be estimated indirectly [Sharma, 1986; Wojnar, 2008].

2
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(A) GAINING STREAM

Flow direction

5y, S

Shallow aquifer

(B) LOSING STREAM CONNECTED

Flow direction

Shallow aquifer

(C) LOSING STREAM DISCONNECTED

Flow direction

Unsaturated
zone

Shallow aquifer

Figure 1.1: General Conditions for Gaining and Losing Streams in an Aquifer, after Winter
et al. [1998]
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Several studies have been carried out to estimate these components using different
methodologies and techniques [Naganna et al., 2017; Walker et al., 2019]. Among various
methods, selecting a suitable method for estimation these components is an important
consideration for any river basin [Jassas and Merkel, 2014]. But, in developing countries
like India, ground-based observations are not available for most of the river basins and this
may become a constraint to make use of existing sophisticated methods for any
hydrological study [Wakode et al., 2018]. The use of remote sensing data is an alternative
approach to address such ground-based data deficiency issues and also provides many

practical benefits in hydrological studies [Andersen et al., 2002].

Also, it is important to focus on the factors that influence the river-aquifer
interaction process [Winter, 1995]. Anthropogenic activities such as groundwater
extraction and landuse practices are among the main factors influencing the river-aquifer
interaction and these activities are subjected to region-specific [Zhu et al., 2019]. Extensive
groundwater extractions for agricultural practices and other purposes can lower down the
groundwater table and alter the relationship between river stage and groundwater. Further,
this may cause flow variability in the river and effects the equilibrium of river basin system
[Kumar and Nagaraj, 2018]. Hence, a detail investigation is required in such basins (where

anthropogenic activities take place) for understanding the river-aquifer interaction process.

1.2 MOTIVATION AND SCOPE OF THE STUDY

At present, developing countries like India are facing severe water crises due to
over-exploitation of groundwater for multiple purposes (drinking and industrial),
particularly for irrigation needs in areas where extensive agricultural activities are
practicing [Tiwari et al., 2017]. In order to address this critical issue, assessment of primary
components of hydrological cycle needs to be focused for effective groundwater
management. Hence, the present study aims for an integrated approach for identifying and
quantifying river-aquifer interaction exchange process in an agricultural dominated river
basin system. For this purpose, Himalayan originated and agricultural dominated, Kosi
river basin, India is selected for the study through experimental and modelling techniques.
This river basin characterizes with agricultural lands and relies on a groundwater-based
irrigation system. In this study, groundwater recharge estimation techniques using remote
sensing inputs, tracer techniques using heat flux measurements and, sub-surface

hydrological models are used for achieving the objectives. For this purpose, the entire river
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basin is considered for surface hydrological modelling. Whereas plain parts of the river
basin is selected for recharge estimation and sub-surface hydrological modelling due to
non-availability of data in the hilly region of the basin. This understanding and quantifying
of river-aquifer interaction of the river basin can contribute to the effective groundwater

management in agricultural dominated river systems.

1.3 GOAL AND OBJECTIVES

Considering the research needs with emphasis for understanding, assessment of
river-aquifer interactions and management, the following objectives are outlined for the

present research study.

e Estimation of monthly groundwater recharge in Kosi basin using surface water
hydrological model, soil water balance method, water table fluctuation method,
and rainfall infiltration factor method.

e To conduct a series of sandbox experiments for estimating seepage velocity and
hydraulic conductivity for different soil layer stratifications

e To assess monthly river-aquifer interactions of the Kosi river using subsurface

hydrological model and remote sensing inputs.

1.4 RESEARCH HYPOTHESIS

It is hypothesized that hydrological models along with high resolution remote
sensing inputs may improve the understanding and assessment of river-aquifer interaction
in an alluvial channel. To test the hypothesis, monthly sub-surface hydrological modelling
is simulated in an agriculturally dominated, Kosi basin. For this model, groundwater
recharge and riverbed hydraulic conductivity are two major input parameters which are not
available for the study area. Hence, estimation of these parameters are focused initially. To
select suitable method, groundwater recharge is estimated using four different methods.

Whereas, heat is used as a natural tracer to estimate the riverbed hydraulic conductivity.

1.5 ORGANISATION OF THESIS

The research work in this thesis is presented in six chapters. The thesis focuses on
understanding and assessment of river-aquifer interaction process in the Kosi River through
laboratory and modeling-based techniques. The thesis is divided between chapters based
on the objectives of the present study. Initially, the estimation of groundwater recharge
using remote sensing inputs is studied. This is followed by a laboratory-based experimental

5
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study for estimating the fluid flux and hydraulic conductivity in a soil column. Finally,
distributed groundwater modeling is carried out to quantify the rive-aquifer interaction

using remote sensing inputs. The chapter-wise description of the thesis is

o Chapter 1 discussed the overview of the river-aquifer interaction process and its
significance followed by the aims and scope of the thesis.

o Chapter 2 reports the review of literature carried on the theory of groundwater
recharge estimation, fluid flux estimation using heat as a tracer and river-aquifer
interaction assessment using numerical modelling necessary for the present
research.

o Chapter 3 deals with groundwater recharge estimation methods using four different
methods with remote sensing inputs.

o Chapter 4 deals with fluid flux and hydraulic conductivity estimation through
sediment-water interface using heat as a tracer based on laboratory experiments in
a sandbox.

o Chapter 5 studies the assessment of river-aquifer interactions using estimated
groundwater recharge and riverbed conductance.

o Chapter 6 Summarizes the present research and suggests the future scope of the

present work.
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2

REVIEW OF LITERATURE

River-aquifer interaction is one of the important components of the hydrological
cycle and its direct estimation is extremely difficult. Understanding of river-aquifer process
and mechanics through the field, lab, and modeling-based studies can be beneficial for the
effective management of water resources. In order to assess river-aquifer interaction at
different spatio-temporal scale through physical-based numerical modelling, use of
accurate inputs (such as recharge and evapotranspiration etc.) and aquifer parameters (such
as hydraulic conductivity of riverbed and aquifer etc.) have become an important
implication. In this chapter, a review of research works on groundwater recharge estimation
methods and riverbed hydraulic conductivity estimation techniques and river-aquifer
interaction assessment through modeling and other techniques are highlighted. A synoptic

understanding of river-aquifer interactions is discussed here.

2.1 GROUNDWATER RECHARGE ESTIMATION METHODS

Spatio-temporal fluctuations in the groundwater table and river stage are one of the
important factors that influence the river-aquifer interaction process. There are many
factors for the fluctuations in groundwater levels and among all, groundwater recharge is
an important factor for these variations. Therefore, the assessment of spatio-temporal
variation of groundwater recharge is the primary requirement of any groundwater
modelling for identifying and quantifying river-aquifer interaction exchange process.
Direct measurement of recharge is a challenging task at the field level but it can be
estimated indirectly. Various techniques and methods have been practicing by many
researchers for recharge estimation. Among all, selecting a suitable method or technique

7
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plays a vital role in any river basin for effective management of water resources. The
following sub-sections discuss the review of the previous works on various recharge

estimation methods.

2.1.1 Conventional Methods
(a) Use of Lysimeter

Chapman and Malone [2002] tested the performance of recharge estimation models
(13 single store and two-store) against using 11-year daily field observations measured
from a weighing lysimeter 2.4 m deep at Coshocton, OH. This study concluded that five
models performed well to capture the spatial variability in groundwater recharge but did
not perform well to simulate the total soil water in the column especially during high
evapotranspiration periods. Also, many other researchers used lysimeters to compare the
recharge estimations of several models [White et al., 2003; Chen et al., 2008]. However,
the installation of lysimeters is not only difficult, also expensive and only provides point

recharge estimates [Moyer et al., 1996].
(b) Water Table Fluctuation Method

The water table fluctuation method is mainly derived on an event basis. It generally
determines recharge from precipitation and water table measurements for a particular event.
In 2004, Moon et al. used this method to estimate groundwater recharge in South Korea.
To implement this methodology, they carried out the statistical analysis of hydrographs and
water-table fluctuation. From which, they established a new relationship between the
cumulative WTF and corresponding precipitation records. On the other hand, Crosbie et al.
[2005] introduced a new multi-event time series concept to evaluate groundwater recharge
from long-term water table and precipitation records using WTF. They have considered
new variables, specific yield derived from soil moisture retention curve. It had a great
advantage in recharge estimation even though there was no water table rise. It was
concluded that WTF works good in gross recharge estimation and sensitive to time step

size and specific yield.

Again Delin et al. [2007] carried out a comparative study to compute the ground-
water recharge estimation in Minnesota, USA using three local-scale methods (unsaturated-
zone water balance, Water Table Fluctuations (WTF) and age dating of groundwater).

Finally, they observed that the WTF method was the simplest and easiest to estimate the

8
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groundwater recharge. This method performed well in estimating recharge also in the semi-
arid region, reported by Sibanda et al. [2009]. WTF was used to get the recharge in
Nyamandhlovu area, Zimbabwe. Apart from this, a remote sensing and GIS-based WTF
method has been tried for quantitative computation of groundwater recharge in hard-rock
areas [Szucs et al., 2009]. To develop this model, they conducted an integrated assessment
of infiltration capacity, normal rainfall and its cumulative frequency. Additionally, WTF
method was employed to assess the natural recharge and its relation with aquifer parameters
in Tamilnadu, India [Rangarajan et al., 2009]. The seasonal influence of groundwater
fluctuations with reference to the rainfall was evaluated using WTF [Khadri and Moharir,
2015]. WTF has made possible to determine the groundwater depletion levels [Prasad and
Rao, 2018]. Along with a decrease in groundwater levels, they found out its causes and
reported detailed groundwater balance studies of Kandivalasa River Sub Basin, Andhra
Pradesh, India.

(c) Water Balance Method

The soil water balance method is a very reliable approach for recharge estimation
as it incorporates the actual representation of crop type and soil conditions. Soil water
balance method exhibited well-accepted results in natural groundwater recharge estimation
than any other methods such as zero flux plane method, inverse modeling technique, hybrid
water fluctuation method, groundwater balance method, isotope and solute profile
techniques [Amitha, 2000].

The potential of SWB in recharge estimation has been reported by Ragab et al.
[1997], Allen et al. [1998], Finch [2001]. Also, Kendy et al. [2003] have expressed the
valuable insights into the recharge estimation through soil water balance models. While on
the other hand, Eilers et al. [2007] developed a single store (single layer) mass water
balance model suitable for semi-arid areas. They considered the major hydrological
processes taking place at or near the soil-vegetation surface including runoff. The results
referred that temporal distribution of daily rainfall and the magnitude of the antecedent
(pre-season) soil moisture deficit were the most vital hydrologic features in case of deep
drainage at a particular site in a particular time. Also, they concluded that the annual rainfall
total was not the main influencing factor for annual recharge. The spatial variation of
potential recharge mainly depends on deep drainage and thus the water holding capacity
and rooting depth. Whereas, Mileham et al. [2009] utilized precipitation and temperature

data from the regional climate model (RCM) and developed a semi-distributed soil

9
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moisture balance model (SMBM) in order to assess the various impacts of climate change
on groundwater recharge and runoff for a medium-sized catchment (2,098 km?) in tropical
region of southwestern Uganda. Chung et al. [2016] worked on a comparative study on
existing methods on groundwater recharge, specifically emphasized for semi-arid and
humid regions of Africa. There were different methodologies available for the recharge
estimation of Africa. Out of these, they found the water balance methods and the
streamflow method using groundwater level data performed very well in the evaluation of

recharge in semi-arid and humid regions of Africa.
(d) Rainfall Infiltration Factor Method

The seasonal groundwater recharge can also be calculated through Rainfall
Infiltration Factor (RIF). Very limited studies are demonstrated in this method of estimating
recharge however, it performed well in some study sites. Bhuiyan et al. [2009] used RIF
method along with WTF method and their study revealed that the difference between the
recharge estimated using WTF and RIF was small and also RIF method was able to
compute recharge for even weekly and monthly rainfall data. Chandra et al. [2018] have
performed this method to determine groundwater utilization status and time-series water

level trends.

2.1.2 Modelling Techniques

Many hydrological models are available for recharge estimation such as one-
dimensional semi-distributed numerical models and one-dimensional lumped parametric
models. Arnold et al. [2000] estimated groundwater recharge and discharge of Upper
Mississippi river basin using SWAT model and from daily stream flow data. Recharge
estimated using this techniques showed largest discrepancies between these methods but
general trends were evident. In 2005, Sun and Cornish estimated groundwater recharge in
the headwaters of Liverpool plains in NSW, Australia using a physically-based semi-
distributed watershed model (SWAT). The study indicated that the model overestimated
the overall annual runoff during dry years which instigated uncertainty in the recharge
estimations of the model. Hence, the study suggested further improvement in modelling to
bypass flow modelling under dry conditions. Gebreyohannes [2008] used one-dimensional
semi-distributed model, SWAP (Soil-Water-Atmosphere-Plant system) and one-
dimensional lumped parameter model, EARTH (Extended model for Aquifer Recharge and

soil moisture Transport through the unsaturated Hardrock) models to simulate groundwater
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levels and found both the models were able to capture natural groundwater level
fluctuations However, this study concluded that these models were not able to capture the
groundwater level fluctuations due to man-induced abstractions. In both the models, such
artificial influences were not included. Groundwater recharge values were obtained from
both the models captured the vegetation effects on groundwater recharge of the study area.
In 2010, Al-Dousari et al. used SWAT model to estimated groundwater recharge in
Raudatain watershed in northern Kuwait using remote sensing inputs. They demonstrated
the use of hydrological models as alternative approaches where the traditional data required
to understand the hydrologic systems are absent for sustainable management of water

resources.

Jimenez-Martinez et al. [2009] demonstrated a root zone modelling approach for
estimating groundwater recharge from the irrigated area in a semi-arid region where return
flow of irrigation accounts for substantial potential recharge. For this purpose, they used 1-
D Hydrus model and the model was calibrated with field data measured within the plot
area. This study suggested that although the root zone modelling approach was a promising
method for recharge estimation, the modelling approach involved extensive data
requirements and several crop-and soil specific parameters in comparison with other

modelling methods.

Touhami et al. [2012] used a hydrological lumped model, HYDOBAL to estimate
groundwater recharge and found the model provided reliable groundwater recharge
estimates with an average recharge of the Ventos-Castellar system at approximately 10%
of annual rainfall. In 2013, Baker and Miller used SWAT model to assess the landuse
impact on water resources in East African watershed. The results their study showed that
change in landuse caused increase in runoff and decrease in groundwater recharge.
Whereas, Awan and Ismaeel [2014] demonstrated, use of a semi-distributed hydrological
model, SWAT to estimate groundwater recharge under climate change conditions. This
study concluded that the use of remote sensing data and SWAT model was able to estimate
groundwater recharge at high spatial and temporal resolutions. On the other hand, Gyamfi
et al. [2017] presented their study to investigate groundwater recharge dynamics of the
Olifants river basin to landuse changes. The results of the study indicated declination in
groundwater recharge in the study period. They concluded that SWAT model was capable

as a decision support tool to asses groundwater recharge for large river basins.
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2.1.3 Tracer, Empirical and other Methods

Tracer methods have been widely practicing tool for the estimation of groundwater
recharge. Among many, isotope tracer techniques and chloride mass balance method
(CMB) are a few of the well-known techniques. Gaye and Edmunds [1996] discussed the
use of chloride, stable isotopes (deuterium, oxygen-18) and tritium to estimate groundwater
recharge in deep sand profiles. This study suggested that chloride and tritium tracers
provided a good agreement of recharge estimates in the site. Whereas, Subyani [2004] used
CMB method and environmental isotopes to evaluate groundwater recharge in Wadi
Tharad sub-basin, Saudi Arabia. In their study, they identified recharge zones and found
that 11% of effective rainfall contributed to aquifer as recharge using CMB method. Stable
isotopes can be used for quantitative assessment of recharge. However, using tracers such

as tritium requires professional specialist for sampling and analysis.

Chaturvedi in 1936, derived an empirical equation to obtain a relation between
rainfall and recharge using rainfall events and the water level fluctuations in Ganga-
Yamuna doab and it was later modified further work at U.P. Irrigation Research Institute,
India in 1973 [Chaturvedi, 1973; Kumar and Seethapathi, 2002]. While many other
researchers developed empirical equations for developing relations between rainfall and
recharge [Hearne and Dewey, 1988; Waltemeyer, 2001; Kambhammettu et al., 2011].
However, the application of these methods is often constraint to estimate the recharge for
the study zone considered as they have been developed for specific regions with particular

landuse, climate and hydrogeological conditions [Gemitzi et al., 2017].

Few other methods have been using by researchers for estimating recharge include
baseflow separation methods and streamflow recession analysis [Frohlich et al., 1994;
Wittenberg and Sivapalan, 1999; Lee et al. 2006; Partington et al., 2012]. Although the
application of these methods is simple and uses available streamflow-discharge records,
uncertainty associated with streamflow-discharge records may provide unreliable recharge
estimates [Halford and Mayer, 2000].

2.2 ESTIMATION OF FLUID FLUX AND HYDRAULIC CONDUCTIVITY

River water and groundwater connect through an active ecotone called hyporheic
zone and in this zone, water exchange is the fundamental interest of energy transport.
Distribution of hydraulic head between river and aquifer as well as hydraulic conductivity

of the riverbed are major important factors that influence this exchange rate [Doppler et al.,
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2007]. Estimation of fluid flux and hydraulic bed conductivity play a key role in quantifying
river-aquifer interaction exchange and helps for effective sustainable water management
[Kalbus et al., 2006; Ivkovic, 2009; Naganna et al., 2017].

2.2.1 Fluid Flux Estimation

Several methods and techniques have been employed by various researchers for the
estimation of fluid flux through Sediment-Water Interface (SWI). Direct seepage
measurements [Rosenberry, 2008; Brodie et al., 2009], analytical modelling techniques
[Lautz and Siegel 2006; Cho et al., 2010; Baalousha, 2012], numerical modelling
techniques [Brunner et al., 2010; Sun et al., 2015; Semiromi and Koch, 2019] and
application of environmental isotopes [Kumar et al., 2008; Gao et al., 2010; Paces and
Wourster, 2014; Zhao et al., 2018] are widely used.

Direct determination of fluid flux through filed approaches has many challenges.
However, using heat as a tracer to estimate fluid flux is an alternative approach [Constantz,
2008]. Scientific interest has increased on the application of heat as an environmental tracer
to identify and quantify the river-aquifer exchange flux in hyporheic zone [Baskaran et al.,
2009; Bartsch et al., 2014; Zhang et al., 2018]. Heat tracer technique is a cost-effective
methodology for quantifying the interaction exchange at both spatial and temporal scales
[Anderson, 2005].

Anibas et al. [2009] presented steady-state and transient simulations of 1D-fluid-
heat transport equation for quantifying groundwater-surface water exchange fluxes. In their
study, they measured temperature timer series data over a year in surface water and at
different depths below a river in two different field sites, Aa river in Belgium and Lake 77
in Eastern Germany. They demonstrated both steady-state and transient simulations with
two numerical codes, FEMME (Flexible Environment for Mathematically Modelling the
Environment) and VS2DH. From the simulation results, they hypothesized that at certain
times of the year, transient influences were negligible such that the distribution of vertical
temperature variations were approximated as steady-state simulations. But, these steady-
state simulations were not absolute values rather provided as first quantitative estimate of

groundwater-surface water fluxes.

For quantification of seasonally distributed groundwater-surface water exchange
flux, Anibas et al. [2011] suggested a simple and fast thermal mapping method that detects

indirectly the moment of water in subsurface zone by using heat as a tracer. For this
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purpose, spatially distributed temperature profiles were measured in the hyporheic zone of
Aa river, Belgium in two seasons (summer and winter). They estimated advective vertical
fluxes with the application of inverse modelling of thermal steady-state one-dimensional
heat transport equation using a numerical model (STRIVE) and analytical model [Arriga
and Leap, 2006] and compared with volumetric flux obtained from piezometer
measurements. From the results, they found that higher flux and more heterogeneity were
observed in upper reaches when compared to lower reaches, which highlighted the
importance of local geomorphology. It was recommended that for initial stages of field
investigations of river-aquifer interactions, the use of this thermal method was simple, fast
and cost-effective to identify the zone of interest. Figure 2.1 shows the scheme for
measuring temperature profiles in the riverbed of the Aa.

Multi Meter

]

d = Measurement Depth

h = Water Depth

w = Width

NTC Thermistor

Figure 2.1: Scheme for measuring temperature profiles in the riverbed of the Aa with the T-
stick instrument, after Anibas et al. [2011]

Irvine et al. [2015a] used synthetic streambed temperature data (generated by
numerical flow and transport simulations) along with 1-D analytical solutions for
quantifying and mapping high-resolution fluid fluxes. While Lu et.al [2017] identified the
spatial patterns of hyporheic flux exchanges across a river transect in China by measuring
temperature time series at high spatial resolution using a one-dimensional conduction-

advection-dispersion model (VFLUX).
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Various researchers proposed different approaches to solve the heat transport
equation to estimate fluid fluxes from temperature time series data [Bredehoeft and
Papaopulos, 1965; Stallman, 1965; Turcotte and Schubert, 2002]. In 2006, Hatch et al.
presented the application of a new method by quantifying changes in phase and amplitude
of temperature time series data from Pajaro river, Central coastal. The results of this study
provided reliable range of streambed seepage rates of at least +10 m d and revealed that
at low flow rates, amplitude variations being most sensitive whereas at higher rates, phase
variations retained sensitivity. This new method simplified the use of thermal records for
improved understanding of the complex dynamics of the river-aquifer interaction exchange

process.

While Keery et al. [2007] presented another new method based on previously
derived solutions of one-dimensional heat flow problems. They adopted a relatively new
digital signal processing technique for extracting the 24 h component of temperature time
series data from two or more depths. They applied this new method in a lowland UK river
and the results of the study showed that estimated fluxes from the temperature series had a

good agreement with the fluxes derived from seepage meter and flow gauging surveys.

But, few studies have been carried out to estimate fluid flux through experimental
thermal measurements in a representative field soil column. In order to evaluate the
influence of temperature probe design on the accuracy of vertical water flux estimation,
Munz et al. [2011] conducted sandbox experiments. For this purpose, Multi-Level
Temperature Stick (MLTS) was used to install the temperature probes into the sediment for
measuring vertical temperature profiles. In their study, Keery’s analytical solution was used
to solve 1-D heat transport equation and found that fluxes estimated with amplitude ratios
showed a good agreement with measured flow velocities. Their study suggested to use

MLTS setup for accurate estimations of fluid flow fluxes.

McCallum et al. [2012] also utilized both amplitude ratio and phase difference
methods of pairs of temperature series for estimating Darcy velocity through the surface
water-groundwater interface. For this purpose, they presented a novel 1-D analytical
method in which there was neither necessity to specify effective thermal diffusivity nor its
need for iteration routines. They also illustrated the application of this novel method using

the riverbed temperature data from Murray Darling Basin, Australia. The results showed
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that at low river flows, reliable Darcy velocities of the riverbed were obtained using this

method. However, they found this method had limitations under transient flow conditions.

Irvine et al. [2015b] evaluated the application of amplitude, phase and combined
methods for the determination of water flux and thermal diffusivity. For this purpose, they
measured vertical temperature profiles through experiments conducted in a sand column.
These measured time series data further utilized for fluid flux estimation using phase and
amplitude methods using VFLUX 2 program routine which includes Hatch et al. [2006]
and Keery et.al [2007] analytical solutions. Their study suggested that amplitude and phase
methods performed well during steady-state conditions however, the use of amplitude
method provided better estimations of fluid flux during transient flow conditions.

In addition, Ren et al. [2018] characterized the dynamics of water flow and heat
transport in riparian zones using heat as tracer through laboratory-based experiments
conducted in a sand tank. They investigated the effect of hydraulic head (with two different
heads - 25 cm and 45 c¢cm), radiation temperatures (with no radiation and 22°C) and water
temperature (with three different temperatures - 4°C, 6°C, and 9.5°C) on water flow and
heat transport through experimental approaches as well as 2-D Hydrus Model. The results
of the study showed that a good agreement of the predicted and observed thermal dynamics
variation of the 2-D sand tank and also indicated that hydraulic head was the major
mechanism for water flow and thermal dynamics variation. Also, the sensitivity analysis of
this study results illustrated that the model was most sensitive to hydraulic head (H),
followed by Van Genuchten parameter (), permeability coefficient (Ks), water temperature
(T), Van Genuchten parameter (n), residual moisture content (6r), and saturated moisture

content (0s).

2.2.2 Hydraulic Conductivity Estimation

Riverbed hydraulic conductivity is one important characteristics of riverbed which
influences the fluid flux that passing through sediment-water interface [Kalbus et al., 2009;
Naganna et al., 2017]. Hence, it is necessary to estimate the spatial heterogeneity of
riverbed hydraulic conductivity for the accurate assessment of river-aquifer interaction
exchange. But, estimation of riverbed hydraulic conductivity is a challenging task for
conceptualizing riverbeds in numerical models to quantify the river-aquifer exchange flux
[Brunner et al., 2017].
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Over past few years, various research studies have been employed to estimate the
riverbed hydraulic conductivity using different methods and techniques include field
approaches such as use of seepage meter [Isiorho and Meyer, 1999]; in-situ permeameter
[Rosenberry, 2000; Landon et al., 2001]; slug tests [Landon et al., 2001; Baxter et al.,
2003], laboratory measurements, [Cai et al., 2015] numerical and analytical modelling
techniques [Mutiti and Levy, 2010; Pozdniakov et al., 2016]. Table 2.1 shows some of the
studies carried out for the estimation of riverbed hydraulic conductivity using different
methodologies and techniques. In recent years, research interest has been increased on
using environmental tracers such as heat for fluid flux estimations in hyporheic zone
[Anderson, 2005; Duque et al., 2010; Engeler et al., 2011; Ravazzani et al., 2016].

17
TH-2518_136104028



Table 2.1: Few studies carried out for the estimation of riverbed hydraulic conductivity using different methodologies and techniques.

Researcher Year Work Method/Approach/Technique Major Observations or Findings
Hydraulic conductivities
Chen 2000 Measurement of streambed hydraulic Using L-shaped standpipes directly to measurements in horizontal,
conductivity streambeds vertical and also in oblique
directions
Measurement of streambed hydraulic ;Zﬁ;gﬁg t::c;?]ybc;f dcer'l:m?;e d from
Chen 2004  conductivity for rivers in South Central Using extend permeameter bed £ simil
Nebraska streambed tests of similar
sediment volumes
Evaluation of methods of determination of Using the inverse modelling anofoach The combination of permeameter
Chengand Chen 2007 hydraulic properties in an aquifer-aquitard Wi th?\/l ODELOW gapp and direct push technique is less
system expensive than pumping tests
Hydraulic conductivities
1 i . . ¥ . J estimated from pumping test and
Cheong et al. 2008 E_stlmgtlon of r_]ydraullc c_onductlwty ina Using grain-size ana!y5|s, pumping and grain size analysis are found to
riverside alluvial system in South Korea slug tests and numerical modelling . S
higher than the estimations of slug
test
Investigatior” of-the diig] JeoriEtEE: Using seepage meter, slug test and heat- uGsz%p:I}(l)sr:giLrggzsg :1 Carr:)nortiatig
Wojnar et al. 2013  profiling techniques to determine hydraulic fl g dpllg » SIUg ical hvdrauli ﬂp pri
conductivity ow modelling vertical hydraulic conductivity
ranges
Determination of vertical hydraulic Using rain size, pumping testand insitu  Grain size data provided reliable
Shamsuddinetal. 2019  conductivity at Muda River riverbank falling head standpipe permeability tests. ~ estimates of hydraulic

filtration site, Malaysia

conductivity than pumping and
permeability tests
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Using heat transport modelling is an accurate and cost-effective technique [Lautz,
2010] and recent studies focused on using heat as a tracer for the assessment of riverbed
hydraulic conductivity [Woodbury and Smith, 1988; Bravo et al., 2002; Niswonger, 2003].
While Mutiti and Levy [2010] used heat flow model for investigating the variability of
riverbed hydraulic conductivity during storm events along the Great Miami River in
Southwest Ohio. In their study, the response of variation in hydraulic conductivity for the

storm event’s rising limb was correlated.

However, the error in the estimation of fluid flux can propagate the error in
streambed hydraulic conductivity estimations which can strongly influence the river-
aquifer interaction process [Kalbus et al., 2009; Irvine et al., 2015; Tang et al., 2017].
Hence, it is necessary to understand the reliability of water flux estimations for
heterogeneity streambed conditions using heat transport model in real field conditions. But,
an assessment of the actual impacts of heterogeneity in a real field situation using heat
transport models is somewhat difficult, and accurate representation of real heterogeneity in
a model remains challenging and numerical instabilities may arise [Schornberg et al.,
2010]. The heterogeneous streambed hydraulic conductivities can be determined using
Darcy relations with the fluid fluxes in the soil. The fluid fluxes in the soil can be
empirically related with temperature variations [Kalbus et al., 2009]. Hence using
representative field soils in laboratory and measuring temperature variations using thermal
sensors, fluid fluxes are first estimated. Thereafter, the streambed hydraulic conductivity is

obtained by parameter estimation technique in the Darcy flow equation.

2.3  ASSESSMENT OF RIVER-AQUIFER INTERACTIONS

River and groundwater are important components of the hydrological cycle and
interaction between river water and groundwater occurs in and across the hyporheic zone
[Chitsazan et al., 2014; Anibas et al., 2016]. Understanding and quantifying this interaction
plays a major role in the sustainable basin management [Smith et al., 2008; Kahil et al.,
2016]. Significant research efforts have increased recently for understanding the mechanics

of the interactions process and its quantification.

2.3.1 Tracer Techniques

The state of connection of the river-aquifer not only changes along river reaches,
also changes concurrently at the same location in both space and time. This was

demonstrated by Banks et al. [2011] by discussing the methods for regional-scale
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assessment of spatial and temporal river-aquifer connectivity by the use of hydraulic,
hydrochemical and tracer-based techniques. In their study, it was investigated that the state
of connectivity of river-aquifer from catchment headwaters to sea in the pristine Rocky
river in South Australia. It was found that there was no connection between river and
aquifer in regional scale with the discharge data, water level data, together with salinity and
stable isotope results. They hypothesized that the state of river-aquifer connection was
controlled by native vegetation. It was understood from this study that determination of the
type of connection between river and aquifer and the effect of change in landuse play an

important role to understand river-aquifer interactions processes.

Bartsch et al. [2014] investigated the dynamics of river-aquifer interactions that
were affected by monsoon precipitation events and resulting variability in discharge using
heat as a tracer. For this purpose, this study was carried out in Haean-myun catchment,
located in South Korea using a fully integrated HydroGeosphere numerical model to
simulate for river-aquifer exchange fluxes. The model was well calibrated with measured
temperature data and total head data. They discussed the river-aquifer potential that affects
biogeochemical transformation by collecting river water and groundwater samples to
analyse for dissolved organic carbon (DOC), nitrate (NO3) and dissolved oxygen saturation
(DOsat). It was concluded from the results of the study that intense monsoon precipitations
caused high spatiotemporal variation of river-aquifer fluxes by reflecting flow reversals
and these flow reversals pushed high DOC into nitrate-rich groundwater under the stream,

facilitated and increased natural attenuation of nitrate in the shallow aquifer.

Xie et al. [2016] examined the uncertainty of several natural tracers in quantifying
the river-aquifer interaction in the Heihe River of northwest China. This study identified
the applicability of the different tracer methods (temperature profile, radon profile, river
temperature and river chemistry methods) to large rivers for estimating river-aquifer
interaction at the point as well as at region scales. Results of their study showed that both
the temperature profile method and the radon-222 profile method provided useful estimates
of river-aquifer interactions at the point scale whereas the river chemistry method

performed better than river temperature method at the regional scale.

2.3.2 Other Alternative Approaches

River-aquifer interaction processes are complex and their physical mechanisms are

not fully understood. Many techniques such as numerical and analytical models were
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employed to understand this phenomenon which may require significant time and cost.
Ivkovic [2009] suggested an alternate data-driven (top-down) approach in which data
patterns were assessed and processes were inferred from the data to characterize river-
aquifer water interaction processes without being concerned about physical processes. In
his study, the river reaches in semi-arid Namoi river catchments in Australia were
characterized based on three levels of information (presence of river-aquifer of hydraulic
connection, the dominant direction of flux and potential for groundwater extraction). The
methods to characterize the river reaches were also discussed and a map was prepared to
indicate river-aquifer connectivity and the dominant direction of flux. It was understood
from this study that the use of the top-down approach will give a quick overview of large-
scale river-aquifer interaction process as wide range of hydrometric data are available for
most of the catchments.

Mohanty et al. [2010] investigated river-aquifer interactions along with hydrologic
and hydrogeologic investigations in Kathajodi River basin of Orissa. For this purpose, they
carried out stream flow analysis, pumping tests and hydrogeologic investigations. It was
found from the streamflow analysis that river flow was highly seasonal and reduced to
almost zero during the lean period (summer). It was noticed that the study area was
dominated by a confined aquifer system with medium to coarse sand. From the analysis of
pumping tests, it was found that aquifer is heterogonous with hydraulic conductivity
varying 11.25-96.80 m/day. Correlation analysis was carried for groundwater levels with
river stage and groundwater levels with rainfall. From the results of this correlation
analysis, it was found that correlation value of groundwater level with river stage (R = 0.67-
0.89) was higher than correlation value of groundwater levels with rainfall (R = 0.33-0.66).
From this, they concluded that there were strong river-aquifer interactions in the study area.
Table 2.2 shows various research works carried out using different technologies to quantify

river-aquifer interaction.
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Table 2.2: Few studies carried out for the estimation of river-aquifer interaction using different methodologies and techniques.

Researcher Year Work Method/Approach/Technique Major Observations or Findings
Cost-efficient way for determining
Baxter et al. 2003 x;aesrugig;?‘t ?j Groundyafbe-Surace Installment of minipiezometers groundwater and stream water
g interaction at multi-scale approach
Analytical solution underestimate
Schmidtetal. 2007 Quantification of groundwater discharge in Using mapped streambed temperatures high fluxes however, sensitivity

Pine River, Angus, Ontario, Canada

analysis of possible model inputs
showed the solution

Brunner et al.

2010

Assessment of river-aquifer interactions
with MODFLOW

Comparing MODFLOW simulations with
Hydrogeosphere

Examination of accuracy of
MODLFLOW to simulate surface
water-groundwater interaction

Sanz et al.

2011

Modelling river-aquifer interactions in the
Mancha Oriental System

Using 3-D large-scale numerical
groundwater flow model (MODFLOW)

Showed potential use of remote
sensing and GIS in mathematical
modelling of aquifers

Partington et al.

2012

Evaluation of outputs from automated
baseflow separation methods against
simulated baseflow

Comparing Automated baseflow separation
technique with Hydrogeosphere model
simulation

Baseflow separation methods were
not universally applicable

Investigation of river-aquifer interaction in

Using Multi tracers such as environmental

Inconsistency and uncertainty still

Xu et al. 2017 - . ; ! ; ions, stable and radiogenic isotopes and exist even though multiple methods
Nalenggele River basin, Qinghai province
heat were used
Quantification of spatial Variations of Identified topography as the primary
Zhang et al. 2018 hyporheic water exchange in the Weihe Using Thermal method driver to influence the distribution

River, China

of river tributaries
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2.3.3 Modelling Approaches

Assessment of river-aquifer interaction can be investigated using many approaches.
Among all, physically-based numerical modelling approaches can improve the interaction
estimations at the reach scale. In their study, Fleckenstein et al. [2006] assessed how river
seepage and low flows were affected with textural heterogeneity of an alluvial system in
the Cosumnes River, California. For this purpose, low flows were tested for six realizations
of aquifer heterogeneity and homogeneity by incorporating geostatistical simulation of
hydrofacies using transient groundwater modelling (MODFLOW). It was found that net
annual seepages were similar among these models. But, a significant difference was
observed among these heterogeneity models to seepage spatial distribution, groundwater
table configuration, local level connection and disconnection between river and aquifer.
This study demonstrated consideration of incorporating geologic heterogeneity on the
hydrofacies scale in river-aquifer models for simulating river-aquifer exchange and

resulting low flows.

In 2009, Kalbus et al. investigated the influence of streambed heterogeneity on the
distribution of groundwater fluxes through the streambed. For this purpose, the effect of
heterogeneous hydraulic conductivity (with four different scenarios) within streambed and
adjacent aquifer was examined by simulating 2-D groundwater flow and heat transport. The
results of this study showed that the spatial distributions of groundwater fluxes were
strongly influenced by the aquifer than that of streambed.

On the other hand, Baalousha [2012] characterized groundwater-surface water
interaction using field measurements and numerical modelling in the Ruataniwha basin in
NewZealand. In this, groundwater-surface water interaction was simulated using the finite
difference based MODFLOW model using historical river flow data. The results of the
model were calibrated with six runs of recent concurrent gauging data. The results of this
study showed that relation between river and aquifer varied spatially from one location to
another location. | was also identified that in the study reach the river gained much more

water from aquifer than what they lose to aquifer.

Pérez-Martin et al. [2014] demonstrated river aquifer interactions using a new
conceptual model PATRICAL. The behavior of groundwater and surface water and their
interactions were included in this conceptual model. They applied the concept to a large

river basin, Jucar River Basin District, Spain. The model was well calibrated with stream
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flows, groundwater levels and river aquifer interactions. Using model parameters, the
behavior of river and aquifer interactions was obtained with satisfactory findings. It was
found that in the last 30 years, due to the changes occurred in precipitation and the impact

of pumping, the groundwater level in the aquifer zone was reduced by 200 m.

Maheswaran et al. [2016] presented regional scale ground modelling of Ganga river
basin using Visual MODFLOW. In this study, transient groundwater modelling was carried
out with a single homogenous aquifer and the model was calibrated for quantifying surface-
water groundwater interactions along the reaches of the river. They calibrated the model
for 4 years and found simulated water levels were seen reasonable agreement with observed
water levels. The results of this study showed that most of the river stretches had become
losing or gaining much lesser water from the aquifer due to over-exploitation of
groundwater in the study zone. This study suggested that the incorporation of multilayered
aquifer system as well as heterogeneous groundwater transport system for representing

reality can improve the model performance.

On the other hand, Kumar and Nagaraj [2018] assessed interactions between river
and aquifer in Gowri-hole sub-catchment using numerical modelling. For this purpose, they
used RIVER package of MODFLOW and the calibrated the model with the available
seasonal observation well. They concluded that Gowri whole catchment acted as a gaining
river during monsoon season and acted as loosing river during post monsoon season. The
results of this study revealed the ability of MODFLOW model in assessing the spatio-

temporal variations of river-aquifer interactions.

Although, the physical processes are considered in modelling approaches, the
uncertainty with input data of aquifer and streambed properties leads to inaccurate
assessment of river-aquifer interaction by the subsurface models. Hence, providing precise
inputs is a primary need of any sub-surface hydrological model for a better understanding
of the interaction process [Lu et al., 2011; Doble and Crosbie, 2017]. However, lack of
ground-based observed data in arid semi-arid developing countries become a major
constraint to the groundwater models. In such situations, the use of remote sensing is an
alternative to some extent for improving the assessment of river-aquifer interactions,
although all the inputs needed for subsurface modelling cannot be obtained from remote

sensing techniques [Lekula and Lubczynski, 2019].
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24 CHAPTER SUMMARY

The literature review on groundwater recharge estimation revealed that while
investigating recharge estimation approaches, previous studies provided many
sophisticated methods. However, for selecting a suitable method, it is necessary for any
river basin to use multiple methods and compare for accurate recharge estimations. The
literature on fluid flux and hydraulic conductivity estimation focused on new methods and
techniques and revealed that using heat as a tracer is promising as well as cost-effective
technique. However, the applicability of heat transport models along with one-dimensional
analytical solutions for real field conditions remains challenging for the determination of
hydraulic conductivity of heterogeneous streambeds. The literature review on river-aquifer
interactions reveal the necessity of use of precise input parameters for accurate groundwater

modelling to improve the understanding of river aquifer interactions along the river reach.
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RECHARGE ESTIMATION

3

ESTIMATION OF GROUNDWATER
RECHARGE

3.1 INTRODUCTION

In dense populated countries like India, groundwater is one of the major sources for
drinking, agricultural, industrial, and domestic purposes in both rural and urban areas [Kaur
et al., 2017]. With the growing demands, proper attention has to be given for the effective
management of groundwater sources [Al-Bassam and Al-Rumikhani, 2003]. Groundwater
recharge is one of the most important components of any river basin and its accurate
estimation or quantification helps for groundwater modelling studies to manage
groundwater [Yagbasan, 2016; Prasad and Rao, 2018]. Direct measurement of groundwater

recharge is nearly impossible and it has to be estimated [Islam et al., 2015].

Over past few decades, many researchers have proposed various methodologies for
estimating groundwater recharge at different scales [Simmers 1988; Van Tonder and
Kirchner, 1990; Scanlon et al., 2002; Walker et al., 2019]. Penman’s [1948] conventional
method of recharge estimation was based on effective rainfall. Water table fluctuation
method is a commonly used technique for recharge estimation by utilizing measured
groundwater levels [Penman, 1948; Gerhart 1986; Rai and Singh, 1995; Healy and Cook,
2002; Varni et al., 2013; King et al. 2017]. The simplest way for recharge estimation is
rainfall infiltration factor method where normal rainfall of long time series is multiplied
with pre-determined infiltration factor [Bhuiyan et al. 2009; Chandra et al., 2018]. Soil
water balance method has been widely recognized and used by many researchers for

estimation of groundwater recharge at daily, monthly, seasonal and annual scale [Finch,
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1998; Kendy et al., 2003; Dripps and Bradbury, 2007; Chung et al., 2016]. Hydrological
modelling tools based on the water balancing approach are also used in various studies to
estimate groundwater recharge at different spatio-temporal scales [Batelaan et al., 1996;
Zhang et al., 1999; Sun and Cornish, 2005]. However, groundwater recharge estimated
using a water balance approach requires accurate components of the hydrological cycle,
particularly evapotranspiration [Rushton and Ward, 1979; Van Tonder and Kirchner,
1990]. Uncertainty in evapotranspiration can lead to inaccurate assessment of groundwater
recharge that further affects the effective groundwater management. Some alternative
methods such as base flow separation [Frohlich et al., 1994; Wittenberg and Sivapalan,
1999], empirical equations [Chaturvedi, 1973; Oke et al. 2015; Ali et al., 2017], non-
reactive or conservative chloride mass balance [Bazuhair and Wood, 1996; Ting et al.,
1998; Crosbie et al., 2017], isotope tracer techniques [Gaye and Edmunds, 1996; Bajjali,
2006; Koeniger et al., 2016] are also used depending on suitability and availability of

information.

Among various methods, selecting a suitable method of groundwater recharge
estimation is a necessary requirement of any river basin. Hence, it is recommended the use
of multiple methods to improve the understanding and estimation of recharge at a study
area considered [Healy and Cook, 2002; Walker et al., 2019]. Also, it is important to
understand and analyze the hydrological components (rainfall, evapotranspiration,
landuse/landcover etc.) which can affect groundwater recharge estimations [Rukundo and
Dogan, 2019]. At present, many developing countries (like India) are facing severe water
crises due to over-exploitation of groundwater for multiple purposes, particularly for
irrigation needs [Tiwari et al., 2017]. Groundwater recharge is one of the important
components of hydrological cycle and its estimation can help groundwater managers for
better planning and management in the regions particularly agriculturally dominated and

groundwater-based irrigation systems.

The present study focuses on the Kosi river basin (plain parts of the basin falls in
Bihar state, India) is mostly covered with agricultural lands (90%). The agricultural lands
are dependent on irrigation in which 60% of the area relies on groundwater [Najmuddin et
al., 2018] that indicates extensive groundwater extraction in the study zone. The objectives
of this chapter include (a) estimation of groundwater recharge using four different methods,
i.e. Water Table Fluctuation (WTF), Soil Water Balance (SWB), Rainfall Infiltration Factor
(RIF), and semi-distributed surface water hydrological modelling (SWAT)) (b) inter-
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comparison of the groundwater recharge estimated using these methods. The last two
methods estimate groundwater recharge at seasonal scale while the first two methods
estimate groundwater recharge at a monthly scale, which is essential for effective

groundwater management studies.

3.2 STUDY AREA AND DATASETS
3.2.1 Study Area

The Kaosi river is one of the major tributaries of the Ganga that originates from the
Himalayan region [Chen et al., 2013; Pradhan et al., 2018] (Figure 3.1). The study area lies
between 85° 19' to 88° 56' East and 25° 18' to 29° 8' North and has a catchment area of
86,000 km? which includes parts of Nepal (45%), Tibet (32%) and India (23%)
[Rajbhandari et al. 2017]. The basin has a complex geological structure covering six
different zones namely Tibetan plateau, the Himalayas, the Himalayan mid-hill belt, the
Mahabharat Range, the Siwalik Hills and the Terai [Sinha et al., 2005; Chen et al., 2013].
The basin has a diverse topography with high elevations at upper catchment (Himalayan
hilly region) and low elevations at lower catchments (Indian flood plain regions) with a
wide range of up to 8642 m above MSL. Two of the world’s highest peaks Mount Everest
(8848 m) and Kanchenjunga (8586 m) falls in the Kosi basin [Chen et al., 2013; Rai et al.,
2018]. The river basin is confined by steep boundaries separating it from Yarlung Zangbo
river in the north, Mahananda river in the east, Gandak on the west and the Ganga to the
south [Rai et al., 2018]. The Kaosi river originates from the foothills of Himalayas and joins
the Ganga at Kursela in Katihar district, Bihar, India [Kumar et al., 2018]. The channel
length is of 730 km and flowing through various districts of Bihar state (Supaul, Saharsa,
Araria, Khagaria, Bhagalpur, Madhepura and Purnia) in Indian part of the catchment area
[Sinha and Friend, 1994; Rai et al., 2018].

The basin falls under the sub-tropical belt and therefore experiences a humid
climate towards low river valleys in the south and cold and arid climate on the mountainous
region in the north [Shreshta et al., 2017]. The basin receives an average annual rainfall of
1000 mm and more than 80% of annual rainfall takes place during monsoon season
[Rajbhandari et al. 2017; Shrestha, 2000]. The basin experiences a wide range of spatial
temperature variations and generally decreasing from south (Bihar state, India) to north

(Himalayan region) and the highest temperature records in June and lowest in December
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or January [Agarwal et al., 2016]. Due to the complex topography and precipitation pattern,
the Kosi river basin experiences frequent floods. In north Bihar, the river Kosi is called
“the river of sorrow” because of its devastating floods, massive siltation, and dynamic
morphological changes [Reddy et al., 2008; Kumar et al., 2018]. Hilly region of the basin
is covered with forest and snow whereas plain parts of the basin are covered with
agricultural lands (90%) predominantly used for rice cultivation during the month of June
[Siddig, 2006]. Although the basin receives reasonably high rainfall (~1200 mm per year),
more than 80% of the irrigation demand in the plain regions (north Bihar) is met by
groundwater resources [Sinha et al., 2018]. These groundwater extractions in the study area

has a significant effect on river-aquifer interactions.
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Figure 3.1: (a) Location of the study area (b) Drainage and sub-basin map (c)
Topography map (d) Landuse/landcover map (MODIS-2000) of the study area
*Note: LULC class 0: Water; 1: Evergreen Needle leaf forest; 2: Evergreen Broadleaf forest; 3: Deciduous
Needle leaf forest; 4: Deciduous Broadleaf forest; 5: Mixed forest; 6: Closed shrublands; 7: Open shrublands;
8: Woody savannas; 9: Savannas; 10: Grasslands; 11: Permanent wetlands; 12: Croplands; 13: Urban and

built-up; 14: Cropland/Natural vegetation mosaic; 15: Snow and ice; 16: Barren or sparsely vegetated)

*Note: The numbers 11-17 in Figure 3.1(b) indicates sub-basin ID in the plain parts of the Kosi basin.
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3.2.2 Data Sets

In the present study, four different methods were applied to estimate monthly and
seasonal groundwater recharge at the sub-basin scale using the data (meteorological data,
geospatial data, hydrological data, and aquifer parameters) obtained from different agencies
Table 3.1 shows the data obtained from various agencies to estimate groundwater recharge
using all four methods.

Table 3.1: Various data sources used in the study

Data Source Time Period Resolution
Rainfall APHRODITE 1970-2010 0.25°
Temperature PGF 1970-2010 0.2%°
Wind Speed PGF 1970-2010 0.5°
Solar Radiation PGF 1970-2010 0.5°
Relative Humidity PGF 1970-2010 0.5°
Landuse/Landcover MODIS 2000 1 km
Soil NBSS & LUP 90 m
Topography SRTM 90m
Discharge cwcC 1980-2010 Daily
Groundwater Levels & Draft CGWB 1996-2010
Aquifer Characteristics CGwWB
Soil Moisture GLDAS VIC  1980-2010 0.5°
Evapotranspiration NOAA 1982-2000 8 km
MODIS 2001-2010 0.05°

Decadal Landuse/Landcover ORNL DAAC 1985,1995 & 2005 100 m

*Note: In the present study, groundwater recharge was estimated for 1996-2010 due to the
availability of the data of common time period of all four methods and the factors that affect
recharge estimation such as rainfall, evapotranspiration and landuse/landcover were in consequence
analyzed for the period 1982-2010. Whereas, SWAT modelling was carried out from 1970-2010
with a warm period of 9 years. All the web links of the various data sources are mentioned in the

Web References section (Page 181).

The observed groundwater levels, groundwater draft and specific yield of the
aquifer were obtained from Central Groundwater Board (CGWB), Patna and were used to
estimate seasonal groundwater recharge using the WTF method. Satellite-based high-
resolution rainfall data was used for RIF method and surface water hydrological modelling.
Meteorological data (includes rainfall, temperature, wind speed, solar radiation, and

relative humidity) and geospatial data (includes soil types, topography and
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landuse/landcover data) were used in SWAT model for estimating monthly discharge and
groundwater recharge at the sub-basin scale. The observed daily discharge time-series data
obtained from Central Water Commission (CWC) was used to calibrate and validate the
model. High-resolution satellite-based rainfall data, evapotranspiration data, soil moisture
along with SWAT simulated discharge were used in SWB method to estimate monthly
groundwater recharge at the sub-basin scale. In the present study, LULC change analysis

was carried out using decadal landuse/landcover maps for the years 1985, 1995 and 2005.

3.3 METHODOLOGY

Previous works suggest different methods for estimation of groundwater recharge
with different assumptions and limitations. In the present study, four different methods
were used to estimate the monthly and seasonal groundwater recharge: (a) Water Table
Fluctuation (WTF) Method (b) Rainfall Infiltration Factor (RIF) Method (c) Semi-
distributed hydrological modelling and (d) Soil Water Balance Method (SWB). Figure 3.2
represents the flowchart discussing the methodology adopted for monthly groundwater

recharge estimation in the study area.
(a) Water Table Fluctuation Method

Water Table Fluctuation (WTF) is a simple and widely used recharge estimation
method in India. This method accounts for the inflows (recharge through rainfall and other
sources) and outflows (pumping through wells and other sources) in a groundwater system
for recharge estimation. The groundwater recharge can be estimated using WTF method by
analyzing the fluctuations occurring in the observation wells [GEC, 1997; Crosbie et al.,
2005; Delin et al., 2007; Bhuiyan et al. 2009; Chandra et al., 2018]. In this method, it is
assumed that the rise in the water table level in the shallow observation well is due to the
addition of water across the phreatic table. This method gives spatially averaged
groundwater recharge at a seasonal scale. The monsoon recharge is computed as the sum
of groundwater draft during monsoon season and the change in storage between pre and
post-monsoon period multiplied with the area of assessment and specific yield. The

mathematical equation used for monsoon recharge is expressed as

R, =(A.8h.8,)+D, G.1)

where

Re = Recharge during Monsoon (ha-m)
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Dy = Groundwater draft during monsoon (ha-m)

dh = Rise in water table during monsoon season (M)
Sy = Specific Yield and

A = Areas of assessment (ha)

(b) Rainfall Infiltration Factor Method

Rainfall Infiltration Factor (RIF) is an easy and indirect method based on normal
rainfall (obtained using long term series of rainfall data) to estimate monsoon recharge
[Bhuiyan et al. 2009]. It is an alternative method when adequate information on
groundwater level between pre-monsoon and post-monsoon may not be available for
estimating recharge using WTF method. RIF is the ratio of total recharge to the total rainfall
during the monsoon or non-monsoon period. The Monsoonal groundwater recharge at the

sub-basin scale is estimated as follows
Re =f. A . Normal rainfall in monsoon season (3.2

where,

A = Area of computation for recharge, ha
f = Rainfall Infiltration Factor

In the present study, normal rainfall during monsoon season is calculated based on
the recent 29 years of rainfall data and the infiltration factor is collected from the previous

literature which is 0.22 for Indo Gangetic and Inland alluvial area [Chandra et al., 2018].
(c) Semi-distributed Hydrological Model

A semi-distributed model, Soil and Water Assessment Tool (SWAT) is used to
estimate monthly groundwater recharge at the sub-basin scale. It is a river basin or
watershed scale model developed by Dr. Jeff Arnold for the USDA Agricultural Research
Service (ARS) that is used to predict the impact of land management practices on water,
sediment and agricultural chemical yields in large complex watersheds with varying soils,
land use and management conditions over long periods of time. SWAT divides a basin into
sub-basins for analyzing purpose and each sub-basin is connected through stream channel
and further divided into Hydrologic Response Unit (HRU). HRU is a unique combination

of soil and vegetation type in a sub-watershed.
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Figure 3.2: Methodology for monthly groundwater estimation at each sub-basin of Kosi

34
TH-2518_136104028



RECHARGE ESTIMATION

SWAT simulates hydrology, vegetation growth, and management practices at the HRU
level. The model is developed to simulate the hydrologic components of the hydrological
cycle such as surface runoff, evapotranspiration, groundwater recharge, return flow,
percolation, lateral flow, etc. The concept and description of components of this model can
be found in the literature [Arnold et al. 1998, Srinivasan et al. 1998, Neitsch et al. 2002].
The governing equations of water balance and runoff computation used in the model are
presented in Appendix A.

The aquifer recharge equation used in the SWAT model is formulated as [Venetis, 1969;
Sangrey et al., 1984]

1 1
Wrchrg,i = {Wseep ' [1-6Xp |:8_:D + Wrchrg,i—l' eXp l:8_:|} (33)
gw gw

is the amount of recharge entering the aquifer on day i (mm H20).

where,

W

rchrg,i

W,.., is the total amount of water exiting the bottom of the soil profile on day i

(mm H0),

Sgw is the delay time or drainage time of overlying geologic formations (days)

Wchrg,i-l' is the amount of recharge entering the aquifers on day i-1 (mm H20)

r

(d) Soil Water Balance Method

Thornthwaite [1948] developed the soil water balance method to estimate
groundwater recharge which is later revised by Thornthwaite and Mather [1955]. It is a
lumped model approach in which entire watershed is considered as a single unit and the
status of soil water is tracked with time [Dhungel and Fiedler, 2016]. The monthly recharge
or groundwater extraction at the sub-basin scale can be estimated using the following

equation

R, =P-ET-Q-AS (3.4)

where,
Re = Monthly recharge or extraction (cm),

P = Monthly precipitation (cm),
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ET = Monthly actual evapotranspiration (cm),
Q = Monthly Runoff (cm),
AS = Change in soil moisture storage during the month (cm).

SWB method requires large and accurate initial data for monthly groundwater recharge
estimations in the river basin [Van Tonder and Kirchner, 1990]. Accuracy of the estimated
recharge using this method depends on the accuracy, spatial and temporal resolutions of
water balance components. Particularly, accurate assessment of actual evapotranspiration
(AET) may significantly influence the accuracy of the groundwater recharge estimations
[Rushton and Ward, 1979]. In the present study, high-resolution satellite-based remotely
sensed data of NOAA and MODIS AET products were utilized to estimate monthly
recharge along with satellite-based precipitation, soil moisture and runoff at sub-basin
scale. As monthly observed discharge time series data was not available at the sub-basin
scale, simulated time series from a well calibrated and validated SWAT model was used to
estimate the groundwater recharge at sub-basin scale.

Prior to groundwater recharge estimations, some of the major factors influencing
the groundwater recharge such as rainfall, landuse/landcover and evapotranspiration were

analyzed and discussed in the subsequent sections.

3.4 IDENTIFICATION OF WET AND DRY YEARS

A non-parametric Standard Precipitation Index (SPI) developed by McKee et al.
[1995] was calculated to identify the wet and dry years during the analysis period (1982-
2010). SPI index relies on representative parametric distribution function, whereas a non-
parametric framework does not need assuming a representative parametric function
[Solakova et al., 2014]. Based on SPI values, McKee et al. [1995] categorized rainfall into
eight different classes ranging between extremely wet and dry as given in Table 3.2
[Aladaileh et al. 2019].

SPI used in this study is calculated as

gp1=2i*n (3.9

()

where X; is annual, seasonal and monthly precipitation;

X, is the long-term mean;

o IS its standard deviation.
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Table 3.2: SPI values and different categories of wetness/dryness [McKee et al., 1995]

SPI Value Category
2.00 or more  Extremely Wet

1.50t01.99  Severely Wet
1.00t0 1.49  Moderately Wet
0to 0.99 Mildly Wet
-0.99t0 0 Mildly Dry
-1.49t0-1.00 Moderately Dry
-1.99t0-1.50 Severely Dry
-2.00 or less  Extremely Dry

SPI is a dimensionless index. The negative values indicating drought and positive
values indicating wet conditions. To identify the wet and dry year variability across the
sub-basin in the analyzing period, 12-monthly SPI was calculated. In order to represent the
variability of hydrological components (rainfall, evapotranspiration and recharge) across
the basin, there different sub-basins, i.e. sub-basin 11 (S-11), sub-basin 12 (S-14) and sub-
basin 16 (S-16) were selected in the upper, middle and lower regions of the study area,
respectively. Figure 3.3 shows 12-month non-parametric SPI index variation from 1982-
2010 in S-11, S-14 and S-16. It was observed that there was an average of six-year cyclic
period for the wet year and nine-year cyclic period for the dry year over the 29 years of the
analysis period. An extremely wet year and dry year were observed to be different for sub-
basin 11, 12 and 16. In sub-basin 11, 2007 and 1982 were found to be extremely wet and
dry years having SPI value 2.17 and -2.17, while the years 1987 and 2005 for S-14 (SPI
value 2.17 and -2.17) and the years 1987 and 2005 for S-16 with (SPI value 2.17 and -2.17)
and years 1987 and 1982 for whole basin.

In the present study, groundwater recharge was estimated for the time period 1996-
2010 at sub-basin scale. During this estimation period, wettest and driest years for S-11
were observed to be 2007 and 2009 (SPI value 2.17 and 1.74) (Figure 3.3a)), while 1998
and 2005 for S-14 (SPI value 1.05 and -2.17) (Figure 3.3b) and 2000 and 2005 for S-16
(SPI value 1.17 and -2.17) (Figure 3.3c), respectively. For the whole basin, wettest and
driest years were found to be 1999 and 2005 (SPI value 1.74 and -1.74) (Figure 3.3d).
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Figure 3.3: 12-month SPI Index for sub-basin (a) 11, (b) 14, (c) 16 and (d) whole study area
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It is observed that sub-basin 11 received high rainfall compared to other sub-basins,
whereas sub-basins 14 and 16 experienced more number of dry years during the estimation
period (Figure 3.3(a-c)). Figure 3.3(d) indicated the basin experienced a wet cycle during
1996-2003 and dry cycle during the years 2004-2010.

In case of sub-basin 12 (S-12), sub-basin (S-13), sub-basin 15 (S-15) and sub-
basin17 (S-17), variations of 12-month non-parametric SPI index are shown in Figure B.1
(Appendix). In the recharge estimation period, wettest and driest year were found to be
2007 and 2005 for S-12 with SPI index 1.49 and -1.49 (Figure B.1(a)), 2007 and 2009 for
S-13 with SPI index 2.17 and -1.74 (Figure B.1(b)), 2001 and 2005 for S-15 with SPI index
1.74 and -2.17 (Figure B,1(c)), 1999 and 2005 for S-17 with SPI index 1.74 and -2.17
(Figure B.1(d)), respectively.

3.5 LANDUSE/LANDCOVER CHANGE ANALYSIS

Pre-classified decadal landuse/landcover (LULC) maps were utilized in order to
study LULC changes observed in the analysis period (1982-2010). The study area was
categorized into eight different LULC classes namely, croplands, built-up land, shrubland,
fallow land, wasteland, water bodies, plantations, and permanent wetlands. Figures 4-6
show LULC maps for the years 1985, 1995, and 2005, while the LULC statistics are
summarized for the years 1985, 1995 and 2005 in Table 3.3.

Decadal LULC covering eight different classes: cropland, built-up land, shrubland,
fallow land, wasteland, water bodies, plantations, permanent wetlands of 1985, 1995 and
2005 are shown in Figure 3.4-3.6. The LULC maps indicated that in the year 1985, most
of the basin area was covered with cropland, fallow land and plantations (93.44%) whereas
built-up, shrub and wastelands covered about 2.43% of the area and water bodies and
permanent wetlands covered about 4.13% of the area. On the other hand, in 1995 about
91.12% area was occupied with croplands, fallow and plantations which were found to be
approximately the same in 1985 (93.44%). This indicated an insignificant change in the
cultivation area. Built-up, shrub and wastelands covered 2.58% and water bodies and
wetlands occupied with 4.44% also indicated insignificant changes in the study region from
1985 to 1995.
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(*Note: Legend numbers are explained in Table 3.3)
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Figure 3.5: LULC map for 1995

(*Note: Legend numbers are explained in Table 3.3)
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Figure 3.6: LULC map for 2005
(*Note: Legend numbers are explained in Table 3.3)

The decadal LULC map of 2005 indicated that more than 91% of the area is covered with
cropland, fallow land and plantations. Not much change in cultivation land between 1995
and 2005 was observed in the study area. However, 2.5% of the area is covered with built-
up, shrub, wastelands and 5.5% of the area is occupied by water bodies and wetlands
indicating that there is insignificant LULC change over the decade.

Table 3.3: Landuse/Landcover Class Statistics

1985 1995 2005 Relative Change

Class ID | Class Name A(\Srga Area A(\Srga Area A(\Srce}a Area A(\Srga Area
- (0) . 0, . 0, - [0)

km)y O L kmy OO m) OO ) O

2 Cropland 17232 90.09 | 17309 90.49 [ 17145 8963 | -87  -0.46

3 Egr']g'”p 94 049 | 1001 052 | 119 062 25 0.13

5 ShrubLand | 345 1.80 | 385 201 | 351 1.84 6 0.04

7 FallowlLand | 536 280 | 358 1.86 | 320 167 | -216  -1.13

8 Wasteland 25 014| 8 005| 10 006 | -16  -0.08

9 Water 627 327 | 579 304 | 649 3.39 23 0.12

Bodies

10 Plantations 104 055 122 0.63 119 0.62 15 0.07

17 | Permanent | .o o6 | 269 140 | 416 217 | 251 1.31
Wetlands
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Table 3.3 shows the relative changes in the LULC classes which indicated that only
0.5% decrement in major LULC class (cropland) and less or insignificant decrement and
increment of other classes in the study area over the two decades (1985-2005). This LULC
change analysis indicates that there may not be much influence or effect of LULC on
estimations of groundwater recharge in the study region due to insignificant changes

observed in LULC maps.

3.6 SPATIO-TEMPORAL VARIATIONS IN EVAPOTRANSPIRATION TRENDS

Land evapotranspiration (ET) is a fundamental process in the climate system and
terrestrial link among the water, energy, and carbon cycles. Global land ET returns about
60% of annual land precipitation to the atmosphere. It is one of the important components
of the hydrological cycle and its accurate assessment helps to improve the groundwater
recharge estimations. In this study, satellite-based Actual Evapotranspiration (AET)
products of NOAA (1982-1999) and MODIS (2000-2010) were utilized to estimate the
groundwater recharge in Soil Water Balance (SWB) method. These ET products of NOAA
and MODIS were well-calibrated and validated with in-situ measurements for Indian sub-
content [Mallick et al., 2009; Goroshi et al., 2017].

3.6.1 Monthly ET Spatio-Temporal variations during years 1982-83 (March
to February)

In the present study, the period 1982-83 was selected to represent the spatio-
temporal variations of monthly ET during the 1980s. Figure 3.7 presents the estimates of
monthly average ET data of NOAA satellite product data from March to February. The
maps show that ET values are varying spatially and seasonally throughout the river basin.
In the pre-monsoon (March-May) period, ET has reached a peak in March followed by a
decreasing trend in successive months. Whereas, in monsoon season (June-September), ET
is observed to increase from June with the initiation of irrigation and, reached a peak in
July followed by decreasing variability in August and September. During post monsoons
season (October-February), this value again increased from September and, reached a peak
in October over the river basin followed by a declining trend in succeeding months. These
maps show that monthly average ET values are significantly varying across the catchment
and seasons, showing a wide range from 1.16-3.78 mm/day.
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Figure 3.7: Spatial variations of monthly average ET (mm) for the year 1982-83 during (a)
March (b) April (c) May (d) June (e) July (f) August, (g) September (h) October (i)
November (j) December (k) January and (I) February.

The ET variations are observed to be high in the month of March, ranging between
2.1-3.78 mm/day (Figure 3.7(a)). The low variation may be due to less rainfall and
groundwater extractions to meet irrigation requirements. In the succeeding months (April
and May), the ET values gradually decreased comparatively to March ranging from 1.48 to
2.74 mm/day and 1.16 to 3.30 mm/day, respectively (Figures 3.7(b —c)). The basin
experiences hot climate and the start of monsoonal rainfall causes the increase in ET values
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during June (1.7-3.46 mm/day) and July (2.51-3.6 mm/day) (Figures 3.7(d-e)). This gradual
increase might be due to irrigation in agricultural fields and this variation observed to be
high in the Eastern parts of the study area. During August and September ET variations are
observed to be moderate ranging from 2.51 to 3.62 mm/day and 2.32 to 3.27 mm/day,
respectively (Figures 3.7(f-g)) and these variations are spatially distributed throughout the
basin. Whereas, during October ET variations (2.91-3.71 mm/day) are high throughout the
basin followed by a declining trend during November (1.93-2.58 mm/day) (Figures 3.7(h-
1)). The monthly average ET maps presented in Figures 3.7(j) and 3.7(k) indicate that
December followed by January month has low ET values ranging from 1.41 to 2.11
mm/day and 1.76 to 2.52 mm/day, respectively. These low values are resulted due to low
temperature, less or no rainfall, less solar radiation and shine hours during winter. Whereas,
ET begins to increase gradually from February month (2.18-3.09 mm/day) as the solar
radiation sunshine hours and temperature increases slowly (Figure 3.7(1)). From these
analyses, it is found that ET has high variations during March, July and October which
indicated three major crop irrigations in these months during 1982-83.

3.6.2 Monthly ET Spatio-Temporal variations during years 1998-99 (March
to February)

Monthly average ET variations for the period 1998-99 during March-February are
shown in Figure 3.8. The seasonal and spatial variations of ET can be seen from the maps
throughout the basin. The maps show that during the pre-monsoon period, ET has reached
the peak value and followed a decreasing trend in June. During monsoon season, ET is
observed to increase from June and reach the peak value in July. This is followed by a
decreasing trend in August which is followed by again increasing trend in September. It
continued a similar trend in ET during October and shown decreasing variability in the
successive months during the post-monsoon period. It can be observed that during this
period, ET values have both significant seasonal and spatial variations throughout the river

basin having a dynamic range of 0.62-3.98 mm/day.

Figure 3.8(a) shows the medium range of monthly average ET variations (2.15-3.32
mm/day) in March followed by an increasing trend in succeeding months. The maps
presented in Figures 3.8(b) and 3.8(c) show ET has high values varying throughout the
basin during April (2.38-3.98 mm/day) and continued the similar trend in May (2.37-3.84
mm/day). This could be resulted due to low rainfall and high temperature during summer
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and extensive groundwater irrigations throughout the basin to meet agricultural needs

during these periods.
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Figure 3.8: Spatial variations of monthly average ET (mm) for the year 1998-99 during (a)
March (b) April (c) May (d) June (e) July (f) August, (g) September (h) October (i)
November (j) December (k) January and (I) February.

Whereas, ET variations showed declining trend during June (0.78-3.47 mm/day) followed

by increasing trend in July (1.82-3.78 mm/day) during monsoon season due to high rainfall

and irrigations in the eastern part of the study area (Figures 3.8(d) and 3.8(e)). During

August, low ET values (0.62-3.17 mm/day) can be observed in the basin against July
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followed by increasing trend throughout the basin during September (1.2.3-3.59 mm/day)
and continued the similar trend during October (2.12-3.34 mm/day) ((Figures 3.8(f-h)).
This might be resulted due to less rainfall that increased groundwater extractions to meet
agricultural requirements during this period whereas, during 1982-83, similar agricultural
activities are observed to be initiated in the month of October. Figures 3.8(i-k) show during
November, ET has declining trend (0.95-1.53 mm/day) and continued the similar trend in
December (0.99-1.60 mm/day) and January (1.26-2.34 mm/day) due to less rainfall,
temperature, solar radiation and sunshine hours during the winter season. Whereas Figure
3.8(l) shows ET has a medium range of variations (1.5- 2.7 mm/day) during February due
to low rainfall and transition temperatures from winter to summer. From these analyses, it
is noted that ET has high variations during April, July and September which indicated three
major crops might be irrigated in the months during 1998-99. But, this trend is different
and can be seen in March, July and October months from 1982-83. This analysis clearly
indicated that there is a shift of one month in agricultural patterns from March to April and

October to September during this study period.

Figure 3.9 depicts box plots of the monthly average of ET for Kosi basin for the
analysis period 1982-2010. It shows the variations of ET between the 1% and 3" quartile
along with the median from January — December of all the 29 years. The plot shows that
initially, ET has increased and then decreased on the monthly scale with maximum ET
during August and minimum during December. It is observed that ET has high values
during March, August, and October months with a median value of around 2.8 mm/day,
whereas November and December months have minimum ET value with a median value
of around 1.5 mm/day. Figure 3.9 indicated that during monsoon, particularly during June-
August, ET is highly skewed, which might be to fluctuations between wet and dry cycles
during the analysis period. However, ET is less skewed during other months, for example,
January and December that maybe due to low fluctuations. The box plot shows that during
summer- monsoon ET has maximum values whereas minimum during winter season as the
temperature and rainfall variations are high during summer-monsoon and low during

winter.
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Figure 3.9: Box plots of monthly average ET of Kosi basin for the period 1982-2010

3.7 RESULTS AND DISCUSSION

In this study, groundwater recharge was estimated using four different methods that
include Water Table Fluctuation method (WTF), Rainfall Infiltration Factor (RIF) method,
a semi-distributed hydrological model, SWAT (Soil & Water Assessment Tool) and Soil
Water Balance (SWB) methods. WTF and RIF estimate groundwater recharge at seasonal
scale whereas SWAT and SWB estimate groundwater recharge at monthly scale. SWAT
model categorized the study area into 17 sub-basins whereas, the study region (Indian part
of the Kosi basin) consists of seven sub-basins (S-11, S-12, S-13, S-14, S-15, S-16 and S-
17) in which groundwater recharge was estimated. As a representative of the basin, three
sub-basins located at upper (S-11), middle (S-14) and lower (S-16) are selected. In these
sub-basins, spatio-temporal variations of monthly groundwater recharge estimated using

four different methods are presented in this section.

3.7.1 Estimation of Groundwater Recharge using WTF Method

Figure 3.10 shows the monsoonal groundwater recharge estimated using WTF
method for sub-basins 11, 14 and 16 for the time period 1996-2010 using pre and post
monsoonal groundwater levels. In S-11, monsoon groundwater recharge is observed to vary
with a range of 29-38 cm, whereas these variations in S-14 and S-16 are found to vary
similarly (25-38 cm). In S-11, during the extremely wet year (2007) and dry year (2009),
the maximum and minimum recharge can be observed whereas the maximum and

minimum values of recharge were not corresponding to the wettest and driest year in other
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sub-basins (S-14 and S-16). In S-14 and S-16, the wettest year was found to be 1998 and
2000 whereas the maximum recharge values were observed to be found during 2001.
Similarly, the driest year in S-14 and S-16 were observed to be 2005 whereas the minimum
recharge was observed to be found during 1999 and 2005. These variations could be
uncertainly associated with observed pre and post-monsoon groundwater levels and aquifer

characteristics.

E3S-11 [3S-14 ——S-16

Monsoon Recharge (cm)
NN NN W W W wwbd
N A OO OO N B O 00O
1 1 1 1 1 1 1 1 1

N
o
I

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year

Figure 3.10: Estimated monsoonal groundwater recharge in (a) S-11 (b) S-14 (c) S-16 using
WTF method for the year 1996-2010.

3.7.2 Estimation of recharge using Rainfall Infiltration Factor Method (RIF)

The recharge estimated at the sub-basin scale using RIF method is shown in Figure
3.11. Three sub-basin S-11, S-14 and S-16 are observed to show varying responses during
the study period. In sub-basin (S-11), the recharge is observed to be in the range between
13-34 cm which is relatively higher compared to other basins S-14 and S-16. The recharge
in sub-basins S-14 and S-16 is observed to be closely similar with a range of 10-22 cm and
followed similar increasing and decreasing trends. Figure 3.3 shows the SPI values and
respective wet and dry year classification during the analysis period. The sub-basin S-11
experiences two extremely wet years and one severely dry year while the other sub-basins
(S-14 and S-16) experienced one extremely dry year and no extremely wet phase. This may
suggest that the increase in recharge in the upper sub-basin (S-11) may be due to multiple

wet years in the recharge estimation period.

48
TH-2518_136104028



RECHARGE ESTIMATION

E=S-11 C3S-14 —-=-S-16

w
a1
1

]

w
o
1

\

iy
(S2]
1

Monsoon Recharge (cm)
N
ol
l
]

[
o
1

AT

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year

ol

Figure 3.11: Estimated monsoonal groundwater recharge in (a) S-11 (b) S-14 (c) S-16 using
RIF method for the year 1996-2010

3.7.3 Groundwater Recharge Estimation using A Semi-Distributed
Hydrological Modelling (SWAT)

In order to predict monthly discharge as well as groundwater recharge at the sub-
basin scale, SWAT modelling was carried out from 1970 to 2010 with a warm-up period
of nine years. The development (Section A.1.3) and methodology flow chart (Figure A.1)
of SWAT model can be found in appendix A. In this section, calibration and validation of
the model, inter-comparison of simulated ET with observed ET and spatio-temporal

variations of groundwater recharge are discussed.

3.7.3.1 Calibration and Validation

SWAT model was calibrated using the daily discharge data at Baltara gauging
station for the time periods 1980-2010 and multiple simulations were carried out for
successful model calibration. Groundwater Delay (GW_DELAY) and shallow
groundwater storage (GWQMN) were found to be the most calibration parameters.
Following the recommendation from previous works on similar basins [Haldar et al., 2014;
Anand et al., 2018], the model simulations were performed at monthly scale. Figure 3.12(a)
shows that the monthly discharge time series of measured and model-simulated values
during the calibration period (1981-1990). It can be observed that general rising and falling
trends are well captured by the model, however, over and underestimated the peaks for few
years. The observations also show that the model performance is better estimated for the
low flow period. The observed and simulated discharge values were compared and plotted
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against each other for determining R?, NSE and RMSE which is obtained as 0.85, 0.83 and
960 cumec respectively (Figure 3.12(c)).
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Figure 3.12: Comparison of observed and simulated discharge series for Kosi basin at
Baltara gauging station during (a) calibration (1981-1990) and (b) validation period
(1991-2000) (c) scatter plot during calibration period (d) scatter plot during the validation
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It is observed that the observed and simulated values are performed well for the discharge
ranges from 0-2000 cumec and better for 2000-6000 cumec and poor correlation beyond
6000 cumec. These variations could be resulted from the uncertainty associated with the
observed data. Further, the model was validated for the period 1991-2000 by comparing
the measured and simulated monthly discharge values. Figure 3.12(b) and (d) show the
inter-comparison and model performance of observed and simulated monthly discharge
values. The analysis shows R?, NSE, RMSE values of 0.84, 0.81, 925 cumec respectively

which is found to be satisfactory.

3.7.3.2 Inter-Comparison of SWAT Simulated ET with Observed ET

Figure 3.13 shows box plots of observed satellite ET and simulated ET obtained
using three available methods in SWAT model i.e. Penman Monteith (PM), Priestly-Taylor
(PT) and Hargreaves methods (HG) in S-11, S-14 and S-16 for the period 1996-2010. In S-
11, observed monthly ET has a minimum value of 31 mm whereas, SWAT simulated ET
show highest deviations which reach up to 90% and this kind of similar ET simulated values
can be observed in other sub-basins (S-14 and S-16) using all three methods. In the case of
maximum value, the deviations of simulated ET from observed ET (113 mm) are 51%
using PM, 40 % using PT and 29% using HG in sub-basin S-11. Whereas, these deviations
are comparatively less i.e. 49, 31 and 31 % in S-14 and 49, 30 and 29% in S-16 using PM,
PT and HG, respectively. It can also be observed that the basin has a median value of 71
mm (observed ET) whereas simulated ET has a range of 25-40 mm (43-64% deviations
from the observed value) and these deviations are less in S-16 in comparison with other
sub-basins. This analysis indicated that although HG method performed better than other
methods, none of them yields better simulations to match with observed ET having high

deviations in all sub-basins.
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Figure 3.13: Box plots of monthly observed satellite ET and simulated ET using three
available methods in SWAT model in (a) S-11; (b) S-14 and (c) S-16 for the period 1996-
2010

*Note: O — Observed ET; PM — Simulated ET (Penman Monteith Method); PT — Simulated ET (Priestley-
Taylor Method); H — Simulated ET (Hargreaves Method)

3.7.3.3 SWAT Simulated Recharge

Simulated SWAT monthly groundwater recharge variation for sub-basin 11 (S-11), sub-
basin (S-14) and sub-basin (S-16) are shown in Figure 3.14. In order to understand the
model behavior in predicting recharge, the monthly variation of recharge for a wet or dry
year are compared with the monthly recharge variation of preceding year. In the case of S-
11, 2007 was found to be extremely wet year and the preceding year (2006) was found to
be mildly wet year. Similarly, 2009 was found to be a severely dry year and the preceding

year (2008) was found to a mildly dry year respectively (section 3.4).

Figure 3.14(a) shows the monthly groundwater recharge variation in S-11, during
2006 (mildly wet year) and 2007 (extremely wet year). During September 2006, the
maximum recharge is observed to be 20 cm which is around 50% of maximum rainfall (40
cm). Similarly, during July, 2007 the maximum recharge is observed to be 24 cm which is
around 41% of maximum rainfall (59 cm) in 2007. This comparison is an indication of the
over-prediction of modelled recharge during mildly wet year with respect to extremely wet
year. The monsoonal recharge is noted to be 40 cm in mildly wet year (2006) which is 49%
of monsoonal rainfall (82 cm) whereas in extremely wet year (2007), monsoon recharge is
observed to be 61 cm which is 38% of monsoonal rainfall (158 cm). The comparison of
monsoon recharge also clearly indicates the model has over-predicted the recharge in

mildly wet year in compared to extremely wet year.

52
TH-2518_136104028



RECHARGE ESTIMATION

(Wo) Irejurey
o o
o — N
-
-
——
——
j—
 — ——
p q
| q
—
L q
%] q
q
q
- -
p— _—_—
— a—
p— -
- q
=l p
N2
q
T T T T T T
n o mn o 1 o
N N A -
o O O
O N < ©
1 1 1 1 1 1 1
q
q
p -
p— C—
I C——
] C—
- -
- q
p q
d q
q
g q
! q
n p L |
[ C—
- -
e C—
p— —
- -
- q
— q
< q
~
q
T T T T T T T T
L o wmwowmo

AN AN

(w9) sbueyosay

60-AON

60-das
60-INC
60-Aen
60-J1eIN
60-uer
80-AON
80-das
80-InC
80-AeN
80-J1eN
80-uer

L0-NON
L0-das
L0-InC
10-ReN
L0-1elN
L0-uer
90-AON
90-das
90-InC
90-AeN
90-JeN
90-uer

(Wo) Irejurey
o O O
O N < ©
b
o
—
-
f—
» q
< [ b
—
! q
n p q
q
q
» q
p— L
- -y
— —
p— -
- q
P q
S q
~
J q
T T T T T T T T
L o wmowmo
AN N
o O O
O N < ©
1 1 1 1 1 1 1
q
q
- -y
p— C—
I C—
» q
» q
- q
p q
P q
p q
M-_ - L |
! q
2} p q
e —
— —
p— C—
- -
- o
— 9
S q
~
p q
T T T T T T T
n O 1 o .n o
AN N

(wo) abueyosy

GO-AON
Go-das
go-Inc
Go-AeiN
GO-JIeN
Go-uer
¥0-AON
¥0-das
vo-InC
70-Re
v0-1eiN
v0-uer

86-AON
86-das
86-InC
86-Ae\
86-1eN
g6-uer
L6-NON
16-das
L6-InC
L6-KelN
L6-1e\
L6-uer

S-16

(f)

S-16

©)

(wo) qreurey
o 0

15

(wo) abueyoay

GO-AON
Go-das
go-Inc
Go-AeN
G0-IelN
Go-uer
¥0-AON
0-das
yo-InC
70-Rey
y0-1elN
y0-uer

00-AON
00-das
00-Inc
00-Ae\
00-1e
00-uer
66-AON
66-das
66-INC
66-Aeln
66-1eN
66-uer

Time (Month)

Time (Month)

Figure 3.14: SWAT simulated monthly groundwater recharge in (a) S-11 (b) S-14 (c) S-16

Similarly, the monthly groundwater recharge variations for mildly dry year (2008)

and severely dry year (2009) can be seen in Figure 3.14(b). In case of mildly dry year

(2008), recharge has maximum value of 19 cm during June which is found be to 72% of
maximum rainfall (24 cm). On the other hand, the maximum recharge value (18 cm) is
53
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observed in August during severely dry year (2009) which is around 80% of maximum
rainfall (23 cm). It indicates the over-prediction of recharge by the model during severely
dry year over mildly dry year. In addition, monsoonal recharge is found be 46 cm in mildly
dry year (2008) which is 72% of monsoonal rainfall (64 cm) whereas it is noted to be 34
cm which is 71% of monsoonal rainfall (47 cm). Monsoonal recharge comparison also
clearly indicates the over-prediction of simulated recharge in severely dry year in compared
to mildly dry year. This over-prediction of simulated recharge is resulted due to the under-
prediction of actual evapotranspiration by the SWAT model (section 3.7.3.2).

Similar observations can be seen in case of sub-basin 14 (S-14) and sub-basin 16
(S-16) (Figure 3.4(c-f)). Table 3.4 shows the comparisons of maximum recharge and

monsoonal recharge between wet or dry years along with the preceding year

Table 3.4: Sub-basin wise statistics of maximum and seasonal recharge

Sub-basin Sub-basin 14 Sub-basin 14
MD"rc:/Iy Moderately le\llgtly Extremely
Year N Wet Year Year Dry Year
(1997) LR, (2004) (2005)
Month July July July August
Rainfall (cm) 26 43 48 23
Recharge (cm) 18 23 27 18
Percentage of Rainfall as recharge (%) 69 53 56 78
Monsoon Rainfall (cm) 67 89 85 47
Monsoon Recharge (cm) 42 48 42 29
Percentage of Rainfall as recharge (%) 62 53 49 61
Sub-basin Sub-basin 16 Sub-basin 16
Mildly Moderately Mildly Extremely
Year Dry Wet Year et Dry Year
Year (1998) Year (2005)
(1997) (2004)
Month August July July August
Rainfall (cm) 29 34 36 20
Recharge (cm) 18 17 22 16
Percentage of Rainfall as recharge (%) 62 50 61 80
Monsoon Rainfall (cm) 90 100 72 43
Monsoon Recharge (cm) 52 57 39 30
Percentage of Rainfall as recharge (%) 58 57 54 70

*Note: Month corresponds to the maximum rainfall and recharge in a year and percentage of rainfall

indicates how much rainfall is converted to recharge.
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3.7.4 Estimation of recharge using SWB Method

Figure 3.15 shows the variability in different hydrological components of SWB
method in different sub-basins for wet and dry years. In sub-basin 11 which is located in
the upper side of the catchment, 2007 and 2009 are observed as wet and dry year. Figure
3.15(a-b) shows the variation of hydrological components in sub-basin 11 during wet and
dry years. The cumulative values of ET are observed to be linearly increasing and relatively
smooth as compared to rainfall values. In both wet and dry years although there is a
significant difference in rainfall availability, the amount of ET is observed to be closely
similar. Also, it is observed that during the low flow season of the year, the difference
between rainfall and ET depth is not significantly varying for both dry and wet years where

the difference is significant during monsoon season.

This infers that in the dry year the groundwater extractions are observed to be
significantly high during the dry year for meeting the irrigation requirements. The total
rainfall and ET are observed to be 150 and 70 cm for the extremely wet year whereas 80
and 80 cm for the dry year, while the total recharge for wet and dry year is observed to be
60 and 10 cm.

In S-14, 1998 and 2005 and in S-16, 2000 and 2005 are observed to be wet and dry
years. In both the sub-basins, the total annual ET shows no significant change and remained
closely same (85 cm). The relative difference in the rainfall availability during the dry year
resulted in increased groundwater extraction to meet the irrigation demands. Figure 3.15(c-
f) shows the changes in recharge due to the non-availability of sufficient rainfall during
different seasons throughout the year. Also, it is observed that in comparison to the upper
basin (S-11) the decrease in cumulative rainfall depth of middle (S-14) and lower basin (S-
16) during dry years decreased the recharge, increased the groundwater extraction. The
details of the recharge or extraction in the basin at various stretches, during various time

period by different models is explained in section 3.8.

The results of the analysis show that while estimating the monthly groundwater
recharge at the sub-basin scale, ET is observed to be one of the important components to
be considered.

55
TH-2518_136104028



RECHARGE ESTIMATION

--@-- Runoff

—a— Evapotranspiration

-----Rainfall

Recharge or Extraction

—a— Change in Soil Moisture

200

e, e _c e e —————-——-—
-

-
-

S-11-Wet Year

150 ~

(w

) uida@

£0-93@

L0-NON

L0100

10-das

10-6ny

L0-InC

L0-ung

L0-Kep

10-2dy

L0-JEN

L0-Qed

L0-uer

S-11-Dry Year

100

(wo) ydag@

60-92d

60-AON

60-120

60-das

60-6ny

60-InC

60-unt

60-Aeln

60-4dv

60-1eN

60-0°4

60-uer

S-14-Wet Year

P L e L L L L LT
-
-
-
-
-

(Wo) ydaq

86-92d

86-AON

86-190

86-das

86-fny

86-InC

86-unt

86-Aeln

86-1dv

86-1EN

86-0°4

86-uer

—-—.—--_-...___--.__-_--.-——-__.______.

Dry Year
=P

S-14-

©)

100

T T T T T T
o O O O O O
0 O© < N n/__

(wo) ydaq

o
¥

G0-98@

G0-AON

G0-190

Go-das

Go-fny

S0-InC

So-ung

Go-Aen

G0-1dv

S0-1eiN

S0-Qed

Go-uer

Month

56

TH-2518_136104028



RECHARGE ESTIMATION

140

120 ~

. 100 -

£ 80 -

= 60 -

g

Q %

20 A

-40
o o o o o o o o o o o o
c o — = > c = > Q. = > 15
s ¢ £ 2 £ ’”8 5 2 & o6 2 8

100

go 4 ® S-16-Dry Year

ge04

< 404 e T

c P4

*520- ______________________

o T VI e = e e S

-20 A

-40
Lo Lo Lo Lo Lo Lo Lo o Lo o) Lo To}
c o — = > c = (=2 (o8 = > [S]
s ¢ £ 2 £ 3 5 2 & &6 2 &

Month

Figure 3.15: Cumulative plots of monthly rainfall, evapotranspiration, runoff, change in soil
moisture and net recharge in S-11 during (a) wet year (b) dry year; in S-14 during (c) wet
year (d) dry year; in S-16 during (e) wet year (f) dry year

3.8 COMPARISON OF ESTIMATED RECHARGE USING WTF, RIF, SWAT AND
SWB

Figure 3.16 shows the monsoon recharge variability estimated using Water Table
Fluctuation (WTF), Rainfall Infiltration Factor (RIF), Semi -distributed hydrological model
(SWAT) and Soil water balance (SWB) methods. In the estimation period, it is observed
that the maximum and minimum recharge estimated is 32 and 38 cm using WTF, 14 and
35 cm using RIF, 27 and 62 cm using SWAT and 14 and 98 cm using SWB method. It can
be observed that there is no significant difference among the WTF computed recharge over
the estimation period. Recharge estimated using RIF method followed a similar trend with
rainfall observed over the basin. In S-11, 2007 and 2009 are observed as wet and dry years.
In general, the maximum recharge corresponds to a wet year and minimum recharge
corresponds to a dry year, which is observed true for WTF, RIF and SWB methods (Figure
3.16(a)). However, it is observed that SWAT estimated minimum and maximum recharge
does not correspond to wet and dry years. In order to understand the agreement of estimated

recharge with Central Groundwater Board (CGWB) computed recharge an inter-

57
TH-2518_136104028



RECHARGE ESTIMATION

comparison was carried out with the available CGWB data (for the years 2004 and 2009).
This shows that recharge computed using WTF method closely resembles with CGWB
computed recharge in 2009, RIF method in 2004 and SWB method in 2004. Whereas, no
such close agreement is observed with SWAT.

Inter-comparison of estimated recharge using the four methods for sub-basins 14
and 16 shows similar observations as sub-basin 11 (Figure 3.16 (b-c)). In the case of sub-
basin 14, wet and dry years are observed to be 1998 and 2005. The maximum recharge
corresponds to the wet year and minimum recharge corresponds to dry year is observed
true for RIF and SWB methods. Whereas, it is not followed the same behavior in case of
WTF and SWAT estimated recharge. An inter-comparison carried out with the available
CGWB data shows that recharge computed using WTF method closely resembles with
CGWB computed recharge in 2004 and 2009 and SWB method in 2009. Whereas, no such
close agreement is observed with RIF and SWAT estimated recharge. In the case of sub-
basin 16, In S-16, 2000 and 2005 are observed as wet and dry years in the estimation period.
It is observed that the maximum recharge corresponds to wet year and minimum recharge
corresponds to dry year in case of RIF and SWB methods whereas WTF and SWAT
estimated recharge does not show the maximum and minimum corresponds to wet and dry
years. Inter-comparison of estimated recharge with the available CGWB data shows that
recharge computed using WTF method closely resembles with CGWB computed recharge
in 2004 and SWB method in 2009. Whereas, no such close agreement is observed with RIF
and SWAT.

Figure 3.17 shows the comparative analysis of monthly recharge/extraction
estimated using SWAT and SWB methods for wet and dry years. It can be observed that
the general trend in SWAT computed recharge remained positive in any season of wet and
dry year whereas, SWB method shows variability in recharge i.e. either positive (recharge)
or negative (extraction) at different seasons depending on rainfall and other hydrological
parameters. In SWB method, in wet year negative recharge or extraction is observed during
non-monsoon periods, while in the dry year the extractions observed in both monsoon and
non-monsoon periods may be resulting due to inadequate rainfall for meet the irrigation
requirements. The analysis of recharge plots (Figure 3.17) shows that the peak value of
recharge during the monsoon period corresponds to the peak value of the rainfall. In the
case of SWAT simulated recharge, the peak value in recharge is observed to be between
12-25 cm in both wet and dry years irrespective of the rainfall pattern. Whereas, SWB
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method shows the variability in recharge/extraction of in the range of 45 cm in wet years

and -10 cm (extraction) in dry years depending on the availability of the rainfall.
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3.9 CONCLUSIONS

In the present study, the monthly and seasonal groundwater recharge was estimated for
Kosi river basin, India. Four different methods namely, Water Table Fluctuation (WTF)
and Rainfall Infiltration Factor (RIF), Soil and Water Assessment Tool (SWAT) and Soil
Water Balance (SWB) were used for seasonal as well as monthly groundwater recharge
computations. The results provided insights in groundwater recharge estimation using
different methods for effective groundwater management in highly irrigation dominated

region. The results of the study lead to the following conclusion.

1) Prior to the estimation, the factors affecting groundwater recharge such as rainfall,
landuse/landcover and evapotranspiration were analyzed. Analysis of rainfall
variations indicated that there was an average of six-year cyclic period for the wet
year and nine-year cyclic period for the dry year over the 29 years of the analysis
period (1982-2010).

2) LULC change analysis for the year 1985-2005 indicated that there was no
significant change in the LULC in the study region, which was mostly dominated
by agricultural lands (90%).

3) Spatio-temporal variations of evapotranspiration (ET) derived from satellite data
were analyzed from the year 1982-2010. It was observed that daily average ET
varied from 1.16-3.78 mm/day and 0.62-3.98 mm/day during the year 1982-83 and
1998-99, respectively. It was observed that there was a shift of one month in the
cropping pattern from October to September during the study period (1982-2010).

4) The seasonal groundwater estimation results showed that WTF method considered
the fluctuations in groundwater levels whereas RIF method simply followed the
rainfall patterns. But both the methods did not able to capture the wet and dry year
impacts on groundwater recharge.

5) The surface water hydrological model (SWAT) was calibrated and validated with
the observed monthly discharge time series to get the monthly groundwater
recharge at the sub-basin scale. In the modelling study, it was found that
groundwater delay and shallow groundwater storage were found to be the most
sensitive calibration parameters.

6) The Actual Evapotranspiration (AET) obtained from SWAT model was compared
with observed satellite ET data and it was observed that the model was under
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predicted the AET i.e. 38% of observed AET. In order to do water balancing,
SWAT model over-predicted monthly groundwater recharge at all the sub-basins.

7) A monthly Soil Water Balance (SWB) method was employed to estimate monthly
groundwater recharge at sub-basin scale using remote sensing-based satellite
datasets such as precipitation, evapotranspiration, soil moisture along with runoff
obtained from SWAT model. Monthly groundwater recharge obtained from SWB
method well-captured variations in the groundwater heads during wet and dry
spells.

8) Inter-comparisons of monsoonal groundwater recharge estimations using four
different methods reveals that maximum and minimum recharge corresponds to wet
and dry years in case of RIF and SWB methods whereas, it is not followed the
similar behavior in case of WTF and SWAT. Also, an inter-comparison carried out
with the available CGWB data shows that recharge computed using WTF method
closely resembles with CGWB computed recharge in 2004 and 2009 and SWB
method in 2009. Whereas, no such agreement is observed with RIF and SWAT

estimated recharge.

As the observed monthly groundwater recharge is not available at the sub-basin scale, the
validation of recharge (estimated using SWAT model and SWB methods) for Kosi basin is

attempted in further sections (section 5.7.1. and 5.7.2) using groundwater flow modelling.
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4

ESTIMATION OF FLUID FLUX AND HYDRAULIC
CONDUCTIVITY

4.1 INTRODUCTION

River-Aquifer interaction is a natural process and complex phenomenon which
occurs in and across hyporheic zone [Winter et al., 1998; Boano et al., 2014; Anibas et al.,
2016]. Major factors that influence this exchange rate are the distribution of hydraulic head
between river and aquifer and the distribution of hydraulic conductivity of the riverbed
[Doppler et al., 2007]. Determination of fluid flux and sediment hydraulic bed conductivity
plays key role in understanding and quantifying river-aquifer interaction process and helps
for effective sustainable water management [Winter, 1995; Kalbus et al., 2006; Keery et al,
2007; Ivkovic, 2009; Naganna et al., 2017; Shamsuddin et al., 2019].

Various methods and techniques have been reported by many researchers for the
assessment of river-aquifer exchange flux at a different scale. Direct seepage measurements
[Landon et al., 2001; Rosenberry, 2008; Brodie et al., 2009], analytical and numerical
modelling techniques [Vasiliev, 1987; Workman et al., 1997; Lautz and Siegel 2006; Cho
et al., 2010; Baalousha, 2012], numerical modelling techniques [Brunner et al., 2010; Sun
et al., 2015; Semiromi and Koch, 2019] and application of environmental isotopes [Katz et
al., 1997; Kumar et al., 2008; Gao et al., 2010; Paces and Wurster, 2014; Zhao et al., 2018]
are widely used. Over past few decades, scientific interest has increased on the application
of heat as environmental tracer to identify and quantify the river-aquifer exchange flux in
hyporheic zone [Taniguchi, 1993; Johnson et al., 2005; Baskaran et al., 2009; Bartsch et

al., 2014; Zhang et al., 2018]. Using heat as a tracer is an inexpensive but effective
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methodology for determining the interaction exchange rate at different spatial and temporal
scales [Anderson, 2005].

In order to quantify the river-aquifer exchange flux using riverbed temperature
measurements, various methods have been employed for solving the coupled water and
heat advection-dispersion equation [Suzuki, 1960; Bredehoeft and Papadopoulos, 1965;
Schmidt et al., 2006]. Stallman [1965] proposed a one-dimensional solution to estimate
seepage flux using streambed temperature measurements. In recent studies, Hatch et al.
[2006] and Keery et al. [2007] followed Stallman’s approach using amplitude ratio and
phase difference methods.

Characterizing the physical environment of river-aquifer systems is an important
aspect to be considered for the accurate assessment of river-aquifer estimation. Riverbed
hydraulic conductivity is one among the riverbed characteristics that significantly influence
the assessment of river-aquifer interaction process [Kalbus et al., 2009; Naganna et al.,
2017]. Estimation of riverbed hydraulic conductivity is a challenging task for
conceptualizing riverbeds in numerical models to quantify the river-aquifer exchange flux
[Brunner et al., 2017].

In the present study, laboratory-based experiments were conducted in a soil column
for measuring vertical thermal profiles at different depths in order to estimate fluid flux
through Sediment-Water Interface (SWI) using analytical solutions of Keery and Hatch
(amplitude ratio method and phase difference method). In order to understand the variation
in fluid flux for different conditions, a series of experiments were conducted with four
different scenarios (soil combinations, temperature gradients (gradient between hot water
and normal water) and ponding depths. Riverbed hydraulic conductivity of different soil
layers was determined using these estimated fluxes. Finally, effective hydraulic
conductivity of the soil column was calculated from the estimated hydraulic conductivities
of different soil layers and were further used for calculating riverbed conductance for

groundwater modelling purpose (chapter 5).

4.2 MATERIALS AND METHODS
4.2.1 Laboratory Experimental Setup

A sandbox, having dimensions of 80 x 120 x 150 cm was designed and used for

conducting experiments in a laboratory to measure vertical temperature profiles in a soil
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column (Figure 4.1). The experimental setup is fully transparent and made up of acrylic
sheet of thickness 1.2 cm and it is supported with frameworks around the walls. It has two
separate inlets, provided on the right-side wall at a height of 20 and 22.5 cm from the top
of the sandbox for injecting normal and hot water. An outlet is provided on the left side
wall at a height of 10 cm from the bottom of the sandbox to allow seepage through soil
column and up to this height, the sandbox is filled with coarse sand layer as filling material.
Over this layer, a soil column of three different layers of varying thickness is placed in the
sandbox in which temperature measurements are made at different vertical depths below
the soil column while the fluid flux is passing through it. Fine Sand I (FS 1), Fine Sand 11
(FS 1) and Medium Sand (MS) are used to fill the soil layers in four different soil layer
combinations or scenarios (Table 4.1). In all the four scenarios, it is maintained that the top
and middle layers consist of 30 cm thick soil layer whereas the bottom layer consists of 50
cm thick soil layer. The entire soil column is made saturated and allowed water to be

ponded to the required depth over the soil column before starting the experiment.

Table 4.1: Layer combinations of four different scenarios

Layer Layer Scenario 1 Scenario 2 Scenario 3 Scenario 4
Position No (S1) (S2) (S3) (S4)
Fine Sand | (FS  Fine Sand 11 Medium Sand ~ Medium Sand

Lop Layer 1 1) (FS 1) (MS) (MS)

L Fine Sand Il Fine Sand I (FS Fine Sand I (FS  Fine Sand Il
Middle Layer 2 (FS 1) ) I (FS 1)
Bottom Laver 3 Medium Sand  Medium Sand Fine Sand Il Fine Sand I (FS

Y (MS) (MS) (FS 1) )

4.2.2 Temperature measurements using T-lance

Temperature profiles below the soil column are measured using the temperature
measuring rod (T-lance) manufactured by Umwelt- und Ingenieurtechnik GmbH Dresden,
Germany. It can measure temperature ranging between -20°C to 50°C, has a resolution of
0.004°C and typo accuracy +/- 0.07°C. The equipment is integrated with a data logger and
GPRS/GSM data transmission unit. T-lance has a sensor rod of 3 cm diameter and 120 cm
long, provided with a data logger of cable length of 500 cm. It consists of 8 temperature

measuring sensors placed at different spacing as shown in (Figure 4.1).
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Figure 4.1: Experiment setup and T-lance instrument along with data logger (not to scale)
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In all the experiments, T-lance is placed inside the soil column towards the left side
wall, nearer to the outlet to ensure the one-dimensional vertical flow (in order to utilize the
proposed analytical solutions (section 4.3)). The T-lance sensor rod is positioned vertically
in the soil column such that its top sensor (T1) is positioned in air; second sensor (T2) is
positioned 5 cm above the soil column (in ponding water) to measure the water
temperature; third, (T3) and fourth sensor (T4) are positioned in top soil layer; fifth (T5)
and sixth (T6) sensors are positioned in middle soil layer; seventh (T7) and eighth (T8) are
positioned in bottom soil layer to measure soil temperatures (Figure 4.1). The SENSOlog
software, provided with the T-lance instrument is used to extract the data (time-series data

of measured temperature profiles at various sensors) transmitted through data logger.

4.2.3 Soil Layer Combinations or Scenarios

Sandbox experiments are conducted for four different soil layer combinations or
scenarios. In Scenario 1, Fine Sand I, Fine Sand 1l and Medium Sand are placed in top
(first), middle (second) and bottom (third) layers, respectively. Whereas, these top (FS 1)
and middle layers (FS II) are shuffled in Scenario 2 keeping the bottom layer (MS)
unaltered. In Scenario 3, MS, FS | and FS |1 are used in the top, middle and bottom layers
whereas the middle (FS 1) and bottom (FS 11) layers are shuffled keeping the top layer (MS)
unaltered in Scenario 4. Total sixty-four experiments (sixteen experiments in each scenario)
were conducted with varying ponding depths (10, 11, 12 and 13 cm) and temperature
gradients (gradient between ponding water and hot water) of 2°.4°, 6° and 8°C (Table 4.2).

4.2.4 Soil Characteristics

Determination of river bed hydraulic conductivity is one of the important aspects of
river-aquifer interaction studies for any watershed. Kosi river is chosen for this study and
determination of its bed conductivity is aimed in this chapter from the fluid fluxes estimated
using temperature profiles measured through sandbox experiments. As Kosi river bed
material is composed of fine sands and medium sands with mean diameter (dso) of 0.23
(Burele el al., 2014), a similar type of sands were used in the experimental study. However,
actual representation of aquifer in a sandbox is very difficult. The aquifer is made up of
distributed sample, but the soil characteristics/properties of the material used in the sand

box represents well the aquifer, hence the error in the results would be minimal.

Three different soil layers i.e. Fine Sand I (FS 1), Fine Sand 11 (FS 1l) and Medium

Sand (MS) placed in the sandbox were obtained from two different soil categories having
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dso of 0.2 and 0.22. Fine Sand | and Medium Sand were obtained from one source whereas,
Fine Sand Il was obtained from the second source. Specific gravity, porosity and thermal
properties of these sands are shown in Table 4.3. Whereas, particle size distribution curves
and the soil properties of two soil sample sources can be seen in Figure B.2 and Table B.1
(Appendix B).

Table 4.2: Experimental plan for the four Scenarios

Set ng?r?'g?n) Scenariol Scenario2 Scenario3  Scenario 4
S1-Al §2-Al S3-Al S4-Al
A 10 S1-A2 S2-A2 S3-A2 S4-A2
S1-A3 S2-A3 S3-A3 S4-A3
S1-A4 S2-A4 S3-A4 S4-Ad
S1-B1 S2-B1 S3-B1 S4-B1
S1-B2 S2-B2 §3-B2 S4-B2
° y S1-B3 S2-B3 S3-B3 S4-B3
S1-B4 S2-B4 S3-B4 S4-B4
S1-C1 S2-C1 S3-C1 S4-C1
S1-C2 S2-C2 S3-C2 S4-C2
¢ e S1-C3 S2-C3 S3-C3 S4-C3
S1-C4 S2-C4 S3-C4 S4-C4
S1-D1 S2-D1 S$3-D1 S4-D1
S1-D2 §2-D2 S3-D2 S4-D2
° . S1-D3 S2-D3 §3-D3 S4-D3
S1-D4 S2-D4 S3-D4 S4-D4

*Note: Temperature gradient between normal water and hot water in A1, B1, C1, D1 is 2°C; A2, B2, C2, D2
is 4°C; A3, B3, C3, D3 is 6°C and A4, B4, C4, D4 is 8°C

Table 4.3: Thermal and geotechnical properties of different sand layers and fluid

Soil K D c C, p P i
Layer (W/mK) (mm?s) (J/kgeC) (J/kg-C) (kg/md) (kg/m?)

Medium

Sand 1.52 0.71 1159.87 2098.80 2.64 0.33-0.44
(MS)

Fine

Sand | 1.57 0.61 1281.46 4186 2008.90 1000 2.68 0.42-0.44
(FS 1)

Fine

Sand Il 1.56 0.57 1415.91 1940.80 2.71 0.40-042
(FS 1)

*Note: K- Thermal conductivity; D- Thermal diffusivity; C-bulk heat capacity of saturated sediment; Cs -

heat capacity of fluid; p -Bulk density of saturated sediment; P¢ - density of fluid; G- Specific Gravity; n
— Porosity.
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4.2.5 Experiment Procedure

For all the experiments, the sandbox was filled with layers of the sand and saturated
using normal water. A consistent ponding depth of h cm was maintained over the soil
column by allowing the seepage through the outlet. At stage 1, hot water (To°C) was
injected and continuous flow between the sand layers was maintained by allowing the
seepage. The hot water supply was stopped as the temperature of ponding water reaches to
the required temperature gradient. At stage 2, the normal water was injected continuously
to maintain constant ponding depth by allowing outlet seepage throughout the experiment.
Measured temperature time series data was extracted using SENSOlog software from the
data logger and using analytical solutions of Hatch and Keery fluid fluxes were estimated
(Hatch et al., 2006, Keery et al., 2007).

Filling of sandboxwith soil layers

Saturating soil column

Ponding over soil column (to required depth)

!

Injection of hotwater (till achieve required
temperature gradient)

,mm—————

Injection of normal water throughout experiment
(to maintain constant ponding depth)

A 4

BExtraction of temperature time series profiles

Estimation of fluid flux in soil layers using
analytical solutions

A 4

Estimation of hydraulic conductivity of soil layers
v | and effective hydraulic conductivity of soil column

Figure 4.2: Experimental Scenarios and methodology used for fluid flux and hydraulic
conductivity estimation

4.2.5.1 Initial Parameters to be Determined/Estimated

1) dso value of sand particles was found by carrying sieve analysis of soil
2) Porosity (n) of all the soils was determined to calculate the void ratio.
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3) Specific gravity of all the soil layers was determined using a density bottle method
to determine the saturated bulk density of the soil column.

4) Thermal conductivity, specific heat, thermal diffusivity of all the soils were
determined using KD2 probe.

4.3 ESTIMATION OF FLUID FLUX USING HATCH AND KEERY ANALYTICAL
SOLUTIONS

In this study, two transient temperature profiles methods of Hatch and Keery [Hatch
et al., 2006, Keery et al., 2007] were used to estimate the fluid flux through the SWI. Both
these methods are derived from the analytical solutions of Stallman [1965]. He described
the solutions along a one-dimensional half-space, transient temperature with a periodic
temperature boundary condition at upper boundary or origin (Figure 4.3). Sediment
underlying a waterbody could be utilized as half-space. SWI is considered as the origin of
half-space where the time boundary condition is imposed. When water and its associated
heat is transported through the subsurface, thermal fronts create along the SWI due to
periodic temperature changes. The assumptions (provided by Stallman) included in this

study can be found in the appendix (section B.4)
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Figure 4.3: Conceptual model of thermal profile within saturated sediment underneath a

surface water body experiencing a periodic temperature fluctuation and (B)conceptual

temperature time series at three observation points (A, B, C) along the transient section of
the thermal profile. Note: After Swanson and Cardenas [2011].
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4.3.1 Hatch Amplitude Ratio (AR) and Phase Difference (PD) Method

Ratio of amplitude (Ar) and the difference in phase (Dp) of periodic temperature
signals between two points are used to estimate the thermal frontal velocity (Var). It is given

as

V,

Ar

4 2\112 2
:2_k9|n Ar+\/(VAr +(87tk26) ) -V (4.7)
z

where,
Az is vertical sensor spacing (m);

Ay is the ratio of amplitudes of the temperature time series of deeper sensor divided

by that of the shallow sensor;
P is the oscillation period (s);
ke is the effective thermal diffusivity (m?s™).

Thermal diffusivity is given by

A A
Ke=—5=—+p| V(| (4.2)
pc pc

where,
e is the effective thermal conductivity (Wm™ -CY);
p is the bulk density of the saturated sediment system (kgm);
¢ is the bulk heat capacity the saturated sediment system (Jkg™ -C™)
Lo is the baseline thermal conductivity (Wm™ -C%);

B is the thermal dispersivity (m)
Vi is the fluid flux (ms™)
Based on Hatch AR method, fluid flux (Vrar) is estimated as
Via =V Y (+3)

Where,
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Vin — Fluid flux using AR method (m s™);
VAr -thermal frontal velocity (m s™);

C
P
PCy

p and p; are the bulk density of saturated sediment and fluid (kgm)

C and C; are the bulk heat capacity of saturated sediment and fluid (J kg™ - C?)

Based on the Phase Difference (PD) method, the thermal front velocity is given by

7 2
8nk, \ D, 47k,
VDP: {VDP4+( P j] '2( F;DAZ ) (4.4)

where,
Vpp is the thermal front velocity (m s?);

Similar to AR method, the fluid velocity (m s?) is calculated by
Vipp = Vop ¥ (4.5)

A and Dp parameters are extracted from the temperature time series data at locations i by
determining amplitude and phase for each location with nonlinear least-squares fit to the

data with the model equation
. (2wt
T(z=z,)=A sm(T+ Bij+Ci (4.6)

where,
A is the amplitude of the periodic oscillation (°C);
Bi is the phase (s);

Ci is the average temperature (°C) over the period of analysis P (s)
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After the determination of amplitude and phase for the locations i, Amplitude ratio (Ar) and

Phase difference (Dp) are calculated using the below equations.

A

A =D (4.7)
Ashallow

DP = ¢Deep - ¢Shallow (4.8)

where,

Adeep and Asnhalow — Amplitude of temperature time series of deeper and shallow

sensor
¢Deep and ¢, — Phase of temperature time series of deeper and shallow sensor

4.3.2 Keery Amplitude Ratio (AR) and Phase Difference (PD) Method

In the estimation of fluid flux, thermal-mechanical dispersity (B) term is not
considered in Keery method. It is the main difference between Hatch and Keery Method
(Swanson and Cardenas, 2011). Compare to Hatch method, Keery method is a more

straightforward approach.

Fluid flux V¢ (m s) based on Keery AR method is given by

(Hs In(Ar)]V? {5( H In(Ar)szVf {2 ’ ( In(A,)? va . [npc T _(m(Ar)T iy
4Az 2Az Az AP Az

(4.9)

where,

Pt Ct
A

e

H=

Based on Keery PD method, fluid flux Vi (m s?) is calculated by

2 2
47D A
v, = || SPAZ | | 2T (4.10)
Dpcfpf PAzc, p,
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4.4 RESULTS AND DISCUSSION

In this section, variation of vertical temperature profiles (measured through the
experiments conducted in sandbox); estimated fluid flux through Sediment Water Interface
(SWI1) using analytical solutions; calculated hydraulic conductivity of soil layers using
estimated fluid fluxes and calculated effective thermal conductivity of Scenario 1 (S1),

Scenario 2 (S2), Scenario 3 (S3) and Scenario 4 (S4) are presented and discussed.

441 Scenario 1(FS I, FS II, MS)

In scenario 1 (S1), Fine Sand I (FS 1), Fine Sand Il (FS Il) and Medium Sand (MS)
were placed at top, middle and bottom layers in the sandbox and total sixteen experiments
were conducted by varying ponding depths (10, 11, 12 and 13 cm) and temperature gradient
between normal water and hot water (2°, 4°, 6° and 8°C). In this sub-section, experiments
conducted for the cases S1-Al, S1-A2, S1-A3, S1-A4 (varying temperature gradient and
constant ponding depth (10 cm); S1-Al, S1-B1, S1-C1, S1-D1 (varying ponding depth at
constant temperature gradient (2°C)) are presented and discussed.

4.4.1.1 Variation of Vertical Temperature Profiles

Figure 4.4 shows the vertical variation of temperature profiles measured below the
soil column in scenario 1 for different temperature gradients (2°, 4°, 6° and 8°C) at constant
ponding depth (10 cm). It can be seen that the temporal variation of temperature profiles at
each sensor followed the sinusoidal wave nature in all the experiments with a single peak.
It can also be observed clearly that the temperature variations in the bottom layer are
comparatively less with the soils at the middle and top layers. Furthermore, temperature
amplitude is observed to be decreased and time to peak increased gradually as a function
of soil depth with the heat flux passing through soil layers. In the case of S1-Al (ponding
depth 10 cm, temperature gradient of 2°C), the experimental results are presented in Figure
4.4(a). It can be noted that the time taken to attain the required temperature gradient (2°C)
at sensor T2 is around 18 min. The sensors (T3 and T4) in the top soil layer (FS I) are close
to Sediment-Water Interface (SWI) and their responses are quick and attained higher peaks
(2.90° and 1.72°C) in 26 and 42 min, respectively. In the middle layer (FS Il), the
amplitudes (1.56 and 1.42°C) and time to peak (79 and 105 min) of sensors T5 and T6 are
reduced and delayed gradually over the time. The amplitudes are further reduced and time
to peak increased in the bottom layer MS (T7 and T8) 1.30° and 1.2°C and 116 and 124
min, respectively.
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Figure 4.4: Variation of temperature profiles measured at different sensors in case of (a)
S1-Al (b) S1-A2 (c) S1-A3 (d) S1-A4

Figures 4.4(b-d) shows the temperature profile variation at different sensor
positions in case of S1-A2 (ponding depth 10 cm, temperature gradient of 4°C), S1-A3
(ponding depth 10 cm, temperature gradient of 6°C) and S1-A4 (ponding depth 10 cm,
temperature gradient of 8°C). It can be observed that the observations drawn from these
cases are similar to S1-Al. The amplitudes and time to peak at different sensors for different
experiments (change in temperature gradient) are presented in Table 4.4. It is observed that
the time taken to attain the required temperature gradient at sensor T2 increased with
increase in temperature gradient whereas, in-comparison to case 3 (S1-A3), the time taken
to attain the required temperature gradient is less in case 4 (S1-A4), may be resulted due to

higher temperature gradients. However, the time to peak at all sensors in the soil column
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slightly decreased with the increase in temperature gradient. It indicated that the influence

of change in temperature gradient on fluid flux passing through soil layers is gradual or not
much significant.
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Figure 4.5: Variation of temperature profiles measured at different sensors in case of (a)
S1-A1 (b) S1-B1 (c) S1-C1 (d) S1-D1

In order to observe the influence of ponding depth over temperature gradient,

different experiments of various ponding depths at constant temperature gradient are

compared. Figure 4.5 shows the variation of temperature profiles measured at different

depths below the soil column in Scenario 1 for different ponding depths (10, 11, 12 and 13
cm) and temperature gradient of 2°C (S1-Al, S1-B1, S1-C1 and S1-D1). Figure 4.5(a-b)
presents experimental results of case S1-Al (depth 10 and temperature gradient of 2°C)
and S1-B1 (ponding depth 11 cm and temperature gradient of 2°C). The time taken to attain

the required temperature gradient (2°C) at sensor T2 for case S1-B1 is around 22 min

TH-2518_136104028
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whereas 18 min for case S1-Al. As the top soil (FS 1) is close to SWI, the responses of T3
and T4 sensors in case of S1-B1 are much quick and higher peaks (1.91° and 1.74°C)
obtained against S1-Al (1.90° and 1.72°C) whereas the time taken to attain peak
temperature (29 and 44 min for T3 and T4) is increased with increase in ponding depth to
11 cm against S1-Al (26 and 42 min). It is resulted due to increment in water depth from
10 to 11 cm, causing more time to attain peak. While the amplitudes of sensors T5 and T6
positioned in the middle layer (FS Il) S1-B1 are reduced to 1.60° and 1.47°C as fluid flux
passing through the soil column and this reduction is less as compared to S1-Al (1.56° and
1.42°C). However, the time to peak is observed to be approximately the same for S1-Al
and S1-B1 at T5 and T6 sensors (80 and 105 min). It may be due to the increased ponding
depth causing higher fluid flux. Further, the amplitudes of bottom layer (MS) sensors T7
and T8 are reduced (1.36° and 1.27°C) in case of S1-B1 and this variation is less against
S1-Al (1.3° and 1.2°C). It is noted that the time to peak at sensors T7 and T8 for S1-B1
are also further delayed (115 and 122 min), however, these values are close against S1-Al
(116 and 124 min).

In the case of S1-C1 (ponding depth 12 cm and temperature gradient of 2°C) and
S1-D1 (ponding depth 13 cm and temperature gradient of 2°C), the temperature profile
variation at different sensor depths are presented in Figures 4.5(c-d). It can be observed that
the conclusions drawn from these cases are similar to S1-Al (Figure 4.5a). Table 4.4
presents the amplitudes and time to peak at different sensors for different ponding depths
at the constant temperature gradient (2°C). An increase in ponding depth increased the time
to attain the required temperature gradient at sensor T2, which is less in S1-D1 against S1-
C1. It may be resulted due to higher incoming discharges to maintain the constant ponding
depth. However, the amplitude at each sensor is observed to be increased while the time to
peak decreased significantly with the increase in ponding depth (Table 4.4) and it is clearly
indicated that change in ponding depth has a significant influence on fluid flux over the
change in temperature gradient.
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Table 4.4: Temperature profile Amplitude and Time to peak at different sensors for different cases in Scenario 1

Variable Case Parameters T2 T3 T4 T5 T6 T7 T8
S1-A1 Amplitude (°C) 2.00 1.90 1.72 1.56 1.42 1.30 1.20

%_ Time to Peak (min) 18 26 42 79 105 116 124
a8 . S1-A2 Amplitude (°C) 4.00 3.77 3.51 3.30 3.14 3.00 2.89
> £ Time to Peak (min) 27 34 49 85 110 120 126
"g 8 S1-A3 Amplitude (°C) 6.00 5.75 5.46 5.22 5.03 4.88 4.76
g Time to Peak (min) 38 45 60 95 119 128 134
= S1-Ad Amplitude (°C) 8.00 7.70 7.37 7.09 6.84 6.64 6.49
Time to Peak (min) 27 33 47 82 106 115 120

S1-AL Amplitude (°C) 2.00 1.90 1.72 1.56 1.42 1.30 1.20

% ) Time to Peak (min) 18 26 42 79 105 116 124
B & S1-B1 Amplitude (°C) 2.00 1.91 1.74 1.60 1.47 1.36 1.27
g = Time to Peak (min) 22 29 44 80 105 115 122
£ % s1-C1 Amplitude (°C) 2.00 1.93 1.77 1.64 1.52 1.42 1.34
',Z o Time to Peak (min) 31 37 51 86 110 118 123
=0 $1-D1 Amplitude (°C) 2.00 1.94 1.79 1.68 1.57 1.48 1.41
Time to Peak (min) 24 27 37 69 90 95 100

*Note:

(1) Amplitude is the difference between initial temperature and peak temperature; Time to peak is the time elapsed to reach the peak.
(2) I-Inter-comparison between experiments with constant ponding depth (10cm) and varying temperature gradient (2°, 4°, 6° and 8°C)
11- Inter-comparison between experiments with constant temperature gradient (2°C) and varying ponding depth (10, 11, 12 and 13 cm)

(3) T2 in ponding water; T3 and T4 in Fine Sand | (FS I); T5 and T6 in Fine Sand Il (FS I1); T7 and T8 in Medium Sand (MS)
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4.4.1.2 Variation of Fluid Flux Profiles

The fluid fluxes in different soil layers were estimated through the temperature
profiles obtained from sandbox experiments for different scenarios using analytical
solutions reported by Keery et al. (2007) and Hatch et al. (2006). In this section, the
estimated fluid flux variation of Scenario 1 is presented and discussed.

Inter-comparison of fluid fluxes estimated using Keery and Hatch Amplitude Ratio
(AR) and Phase Difference (PD) methods in different cases (S1-Al, S1- A2, S1-A3 and
S1-A4) of Scenario 1 having constant ponding depth (10 cm) and varying temperature
gradient (2°, 4°, 6° and 8 °C) can be seen in Figures 4.6(a-d). It can be clearly observed that
the fluid fluxes in the bottom layer (Medium Sand (MS)) are higher than the middle layer
(Fine Sand 11 (FS 1)) followed by top layer (Fine Sand I (FS 1)). In-comparison of fluxes
estimated with Keery AR and PD method, PD method estimations are observed to be more
than AR method. Similar observations can be seen in the estimations of flux using Hatch
AR and PD method. However, the maximum and minimum values of fluxes are observed
to be estimated using Keery AR method and PD methods (Table 4). Figure 4.6(a) shows
the fluid fluxes estimated using Keery AR method for the cases S1-Al (ponding depth of
10 cm and temperature gradient of 2°C), S1-A2 (ponding depth of 10 cm and temperature
gradient of 4°C), S1-A3 (ponding depth of 10 cm and temperature gradient of 6°C) and S1-
A4 (ponding depth of 10 cm and temperature gradient of 8°C) in top (FS I), middle (FS I1)
and bottom (MS) soil layers. It can be noted that estimated fluxes slightly increased from
12.26 to 12.61 m/day in FS I; 14.71 to 15.13 m/day in FS 11, 17.81 to 18.02 m/day in MS
with an increment of temperature gradient by 2°C while the ponding depth remains constant
(10 cm). Whereas, the fluxes estimated using Keery PD method are observed to be slightly
increased from 27.84-28.14 m/day, 34.03-34.45 m/day, 37.87-38.33 m/day in FS I, FS Il
and MS layers respectively from case S1-Al to S1-A4. Similar observations can also be
seen in the case of fluxes estimated using Hatch AR and PD methods (Figures 4.6(c-d).
However, in very few cases, this behavior is different. It can be observed that there is a
slight decrement or not significant in fluid flux with the increase in temperature gradient.
For example, fluxes estimated using Hatch AR method are observed to be decreased in the
case of S1-A4 against S1-A3 in FS | layer (Table 4.5). It may be resulted due to the
fluctuation in water level while maintaining constant ponding depth throughout the
experiment. Table 4.5 shows the estimated fluid fluxes of various cases for Scenario 1 for
different temperature gradients (2°, 4°, 6° and 8°C) at constant ponding depth (10 cm). It
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is noted that fluid fluxes slightly increased with increase in temperature gradient while

ponding depth remains constant and this increase is not much significant.

Figures 4.6(e-h) show the variation of fluxes estimated using Keery and Hatch
analytical methods obtained in Scenario 1 for four different ponding depths (10, 11, 12 and
13 cm) and temperature gradient (2°C). Fluid fluxes estimated using Keery AR method in
case of S1-Al (ponding depth 10 cm and temperature gradient of 2°C), S1-B1 (ponding
depth 11 cm and temperature gradient of 2°C), S1-C1 (ponding depth 12 cm and
temperature gradient of 2°C) and S1-D1 (ponding depth 13 cm and temperature gradient of
2°C) are shown in Figure 6(e). It can be noted that fluid fluxes increased from 12.26 to
13.73 m/day, 14.71 to 16.25 m/day 17.81 to 19.46 m/day in top (FS I), middle (FS 1) and
bottom (MS) soil layers respectively with an increment of 1 cm ponding depth while the
temperature gradient remains constant. However, fluxes estimated using Keery PD method
are observed to be increased from 28.04 to 31.60 m/day, 34.03-36.88 m/day, 37.87 to 41.61
m/day in FS I, FS Il and MS layers respectively from case S1-Al to S1-D1. Similar
observations can be noted in the case of fluxes estimated using Hatch AR and PD methods
(Figures 4.6(g-h). The estimated fluid fluxes of various cases for Scenario 1 for different
ponding depths (10, 11, 12 and 13 cm) and temperature gradient (2° C) are presented in
Table 4.6. It can be observed that fluid fluxes significantly increased with the increase in
ponding depth while the temperature gradient remains constant. However, it is clearly
observed that change in ponding depth has a significant influence on fluid flux over the
change in temperature gradient. Also, it can be noted that in all the experiments, the fluid
fluxes are observed to be more in Medium Sand (MS) then Fine Sand Il (FS I1) followed
by Fine Sand I (FS 1) irrespective of method. Overall, it is clearly observed that Keery AR
method provides good agreement with the measured seepage velocity at the bottom outlet
than other three methods (Table 4.5 and 4.6). It might be due to the lack of consideration
of the dispersion term in Keery analytical method and violating the one-dimensional
assumption [Hatch et al., 2006; Keery et al., 2007].
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Figure 4.6: Fluid flux variation in different soil layers in Scenario 1 for the cases S1-Al, S1-A2,
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Table 4.5: Estimated fluid fluxes for different temperature gradients and ponding depth
(10 cm) along with measured seepage velocities at the bottom outlet

Velocity (m/day) Measured
Case Soil Layer Velocity
Keery-AR Keery-PD Hatch-AR Hatch-PD ~ atoutlet
(m/day)
Fine Sand (FS I) 12.26 27.84 15.57 24.00
S1-Al Fine Sand Il (FS 1) 14.71 34.03 17.01 29.49 18.12
Medium Sand (MS) 17.81 37.87 22.16 33.39
Fine Sand (FS I) 12.45 27.89 15.70 24.83
S1-A2 Fine Sand Il (FS 1) 14.93 34.15 17.53 29.44 18.19
Medium Sand (MS) 17.98 38.32 22.24 33.45
Fine Sand (FS I) 12.54 27.90 15.70 24.02
S1-A3 Fine Sand Il (FS 1) 15.02 34.30 17.53 29.54 18.24
Medium Sand (MS) 17.97 38.25 22.38 33.45
Fine Sand (FS I) 12.61 28.14 15.59 24.99
S1-A4  Fine Sand Il (FS 1) 15.13 34.45 17.77 29.63 18.30
Medium Sand (MS) 18.02 38.33 22.46 33.53

Table 4.6: Estimated fluid fluxes for different ponding depths and temperature gradient
(2°C) along with measured seepage velocities at the bottom outlet

Velocity (m/day) Measured
Case Soil Layer Velocity
Keery-AR Keery-PD Hatch-AR Hatch-PD  atoutlet
(m/day)
Fine Sand (FS I) 12.26 27.84 15.57 24.00
S1-Al Fine Sand Il (FS II) 14.71 34.03 17.01 29.49 18.12
Medium Sand (MS) 17.81 37.87 22.16 33.39
Fine Sand (FS I) 12.75 29.11 19.48 25.47
S1-B1  Fine Sand Il (FS II) 15.47 35.10 20.04 30.44 18.51
Medium Sand (MS) 18.35 39.19 24.51 35.69
Fine Sand (FS I) 13.21 30.59 20.90 26.17
S1-C1 Fine Sand Il (FS 1) 15.99 36.88 22.60 31.38 18.93
Medium Sand (MS) 19.07 40.97 25.96 37.52
Fine Sand (FS I) 13.73 31.60 21.31 27.89
S1-D1  Fine Sand Il (FS II) 16.25 37.78 23.76 32.20 19.35
Medium Sand (MS) 19.46 41.61 26.32 39.09
82
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4.4.1.3 Variation of Hydraulic Conductivity

As fluid fluxes estimated using Keery AR method showed good agreement with
measured seepage velocity, these fluxes are further utilized to calculate hydraulic
conductivities of soil layers (using Darcy’ law [Darcy, 1856]) for different scenarios. In
this section, the calculated hydraulic conductivity variation of different soil layers of

various experiments of Scenario 1 are presented and discussed.

Figure 4.7 shows the hydraulic conductivity variation of soil layers calculated using
the fluxes with Keery AR method for different cases of Scenario 1. It can be clearly
observed that the hydraulic conductivity in the bottom layer (Medium Sand (MS)) are
higher than the middle layer (Fine Sand Il (FS 1)) followed by top layer (Fine Sand I (FS
)). Inter-comparison of hydraulic conductivities for the cases S1-Al (ponding depth of 10
cm and temperature gradient of 2°C), S1-A2 (ponding depth of 10 cm and temperature
gradient of 4°C), S1-A3 (ponding depth of 10 cm and temperature gradient of 6°C) and S1-
A4 (ponding depth of 10 cm and temperature gradient of 8°C) in top (FS I), middle (FS 11),
bottom (MS) soil layers are presented in Figure 4.7(a). It can be noted that calculated
conductivity variation is insignificant and ranged from 3.21-3.25 m/day in FS |, 4.97-5.11
m/day in FS 11, 5.31-5.37 m/day in MS layers respectively with an increment of temperature
gradient by 2°C while the ponding depth remains constant (10 cm). Similar observations
can also be seen in the cases of varying ponding depth (10 cm) at the constant temperature
gradient (2°C). Figure 4.7(b) shows hydraulic conductivity variation of cases S1-Al
(ponding depth of 10 cm and temperature gradient of 2°C), S1-B1 (ponding depth of 11 cm
and temperature gradient of 2°C), S1-C1 (ponding depth of 11 cm and temperature gradient
of 2°C) and S1-D1 (ponding depth of 11 cm and temperature gradient of 2°C) in FS I, FS
Il and MS layers. Hydraulic conductivity value slightly increased and ranged from 3.21-
3.25 m/day in FS I, 4.97-5.25 m/day in FS Il, 5.31-5.65 m/day in MS layers respectively
with an increment of ponding depth by 1 cm while the temperature gradient remains
constant (2°C). However, these increases in conductivity values are insignificant or not
much varied with change in ponding depth. Table 4.7 shows the calculated hydraulic
conductivity values of different cases (varying ponding depths and varying temperature
gradients) of Scenario 1. Inter-comparison of different cases of Scenario 1 reveals that there
was not significant influence of ponding depth and temperature gradient on hydraulic
conductivity.
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Figure 4.7: Hydraulic conductivity variation using Keery AR method in Scenario 1 for (a)
S1-Al1,S1-A2, S1-A3, S1-A4 (b) S1-Al, S1-B1, S1-C, S1-D1

Table 4.7: Calculated hydraulic conductivity of different soil layers for different
temperature gradients at constant ponding depth (10 cm) in Scenario 1

Hydraulic Conductivity Hydraulic Conductivity

Soil Layer Case Case

(m/day) (m/day)
Fine Sand (FS 1) 3.22 3.22
Fine Sand Il (FS'II) S1-Al 4.98 S1-Al 4.98
Medium Sand (MS) 5.32 5.32
Fine Sand (FS 1) 3.22 3.22
Fine Sand I (FS Il) S1-A2 5.05 S1-B1 5.16
Medium Sand (MS) 5.37 5.43
Fine Sand (FS 1) 3.25 3.22
Fine Sand Il (FS II) S1-A3 5.08 S1-C1 5.25
Medium Sand (MS) 5.37 5.59
Fine Sand (FS 1) 3.24 3.25
Fine Sand Il (FS 1I) S1-A4 5.12 S1-D1 5.26
Medium Sand (MS) 5.38 5.65
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442 Scenario2 (FS Il, FS I, MS)

In scenario 2 (S2), Fine Sand I1 (FS II), Fine Sand | (FS 1) and Medium Sand (MS)
were placed at top, middle and bottom layers in the sandbox and total sixteen experiments
were conducted in the sandbox by varying ponding depths (10, 11, 12 and 13 cm) and
temperature gradient between normal water and hot water (2°, 4°, 6° and 8°C). In this sub-
section, experiments conducted for the cases S2-Al, S2-A2, S2-A3, S2-A4 (varying
temperature gradient and constant ponding depth (10 cm); S2-Al, S2-B1, S2-C1, S2-D1
(varying ponding depth and constant temperature gradient (2°C)) are presented and

discussed.

4.4.2.1 Variation of Vertical Temperature Profiles

Vertical variation of temperature profiles measured below the soil column in
scenario 2 for different temperature gradients (2, 4, 6 and 8°C) at constant ponding depth
(10 cm) is shown in Figure 4.8. It can be noted that the observations drawn from Scenario
(S2) such as sinusoidal wave nature of temperature profiles; less variation of temperature
in bottom soil layers; timely decrease in temperature amplitudes and increase in time to
attain peak temperature are similar to Scenario 1 (S1) as function of soil depth with the heat
flux passing through soil layers. Figure 4.8(a) shows the temperature profile variation at
each sensor in the case of S2-Al (ponding depth 10 cm, temperature gradient of 2°C). The
time taken to attain the required temperature gradient (2°C) at sensor T2 is around 27 min.
The responses of sensors (T3 and T4) in top soil layer (FS 1) are quick and attained higher
peaks (1.94° and 1.78°C) in 30 and 42 min respectively. While the flux passing through the
middle soil (FS 1) layer, the amplitudes (1.60° and 1.40°C) and time to peak (59 and 77
min) of sensors T5 and T6 reduced and delayed gradually over the time. The amplitudes
further reduced and time to peak increased in the bottom soil (MS) layer (T7 and T8) 1.18°
and 0.94°C and 97 and 119 min respectively.

In Fig.4.8 (a), T2 probe is behaving differently than other probes and it is not
reaching the common temperature even after longer time step. The reason for this different
behavior can be explained from the observation made while conducting this particular
experiment. Fig.4.8 (a) represents the temperature profiles measured for ponding depth of
10 cm and temperature gradient of 2°C. The initial temperature of normal water measured
at T2 probe (ponding water temperature) was around 24°C and required temperature

gradient was about 26°C. In order to achieve the required temperature, hot water of 26°C
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was injected into ponding water. Once the required peak was attained at T2 probe 26°C,
the incoming hot water supply was stopped and normal water of 24°C was injected through
the experiment. But, it was noticed that after one hour or so, while injecting the normal
water (after the required peak attained), there was heavy rain (for 20-30 minutes) outside
due to which the incoming normal water temperature suddenly drops below 24°C (reduced
to 23.6°C) and did not come to initial temperature (24°C) before finishing the experiment.
The sudden drop of normal water temperature is also due to the season or date of experiment
conduced. This particular experiment was conducted on 18th November, 2018 (during
winter season) which caused sudden drop of water temperature. T2 probe only was able to
capture this change as it was placed in water and others did not capture this sudden change

as they were placed inside the soil and they behaved normally.
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Figure 4.8: Variation of temperature profiles measured at different sensors in case of (q)
S2-Al (b) S2-A2 (c) S2-A3 (d) S2-A4
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The temperature profile variation at different sensor positions in case of S2-A2
(ponding depth 10 cm, temperature gradient of 4°C), S2-A3 (ponding depth 10 cm,
temperature gradient of 6°C) and S2-A4 (ponding depth 10 cm, temperature gradient of
8°C) are shown in Figures 4.8(b-d). Similar observations can be seen in these cases against
S2-Al. Table 4.8 presents the amplitudes and time to peak at different sensors for different
experiments (change in temperature gradient) are presented. The time taken to attain the
required temperature gradient at sensor T2 increased with the increase in temperature
gradient whereas, in-comparison to case 3 (S2-A3), the time taken to attain the required
temperature gradient is less in case 4 (S2-A4) and it may be resulted due to higher
temperature gradients. However, the time to peak at all sensors in the soil column slightly
decreased with the increase in temperature gradient. Similar to S1, it can be observed that
there is no significant influence of change in temperature gradient on fluid flux.

The variation of temperature profiles measured at different depths below the soil
column in scenario 2 for different ponding depths (10, 11, 12 and 13 cm) and temperature
gradient of 2°C (S2-Al, S2-B1, S2-C1 and S2-D1) are shown in Figure 4.9. The
temperature profiles of case S2-Al (depth 10 and temperature gradient of 2°C) and S2-B1
(ponding depth 11 cm and temperature gradient of 2°C) can be seen in Figure 4.9(a-b). It
can be noted that the time taken to attain the required temperature gradient (2°C) at sensor
T2 for case S1-B1 is around 29 min and this value is less in the case of S2-Al (27 min).
The responses of T3 and T4 sensors in case of S2-B1 are much quick and attained higher
peaks (1.96° and 1.81°C) against S2-A1 (1.94° and 1.78°C) whereas the time taken to attain
peak temperature (32 and 42 min for T3 and T4) increased with increase in ponding depth
to 11 cm against S2-A1 (30 and 42 min).It may be resulted due to the increment in water
depth from 10 to 11 cm might increase the velocity of flow. The amplitudes of sensors T5
and T6 positioned in the middle layer (FS I) reduced to 1.65 and 1.46°C (S2-B1) and this
reduction is less compared to S2-Al (1.60° and 1.40°C). However, the time to peak at T5
(58 min) and T6 (75 min) is observed to be approximately the same for S2-Al and S2-B1

(59 and 77 min). Increased ponding depth may result in higher fluid flux due to which time
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Figure 4.9: Variation of temperature profiles measured at different sensors in case of (a) S2-Al
(b) S2-B1 (c) S2-C1 (d) S2-D1

to peak is reduced. Further, the amplitudes of sensors T7 and T8 in the bottom (MS) layer
are reduced (1.27° and 1.05°C) and this reduction is less against S2-Al (1.18° and 0.94°C).

The time to peak at sensors T7 and T8 also further delayed (94 and 115 min) in the case of
S2-B1 and it is almost close to S2-Al (97 and 119 min).

Figures 4.9(c-d) show the temperature profile variation at different sensor depths in
the case of S2-C1 (ponding depth 12 cm and temperature gradient of 2°C) and S2-D1
(ponding depth 13 cm and temperature gradient of 2°C). It can be noted that the
observations drawn from these cases are similar to S2-Al (Figure 4.9(a)). The amplitudes
and time to peak at different sensors for different ponding depths and constant temperature

gradient (2°C) are presented in Table 4.8. The time to attain the required temperature
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gradient at sensor T2 increased with the increase in ponding depth except for S2-D1 against
S2-C1. It may be resulted due to higher incoming discharges to maintain the constant
ponding depth. However, with the increase in ponding depth, the amplitude at each sensor
is observed to be increased while the time to peak decreased significantly (Table 4.8).
Similar to S1, in S2 it is clearly indicated that change in ponding depth has a significant
influence on fluid flux over the change in temperature gradient. However, it can be
observed that in Scenario 2, The reduction in temperature amplitude and increase in time

to peak are more in comparison with Scenario 1 (Table 4.4 and 4.8).
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Table 4.8: Temperature profile Amplitude and Time to peak at different sensors for different cases in Scenario 2

Variable Case Parameters T2 T3 T4 T5 T6 T7 T8
$2-A1 Amplitude (°C) 2.00 1.94 1.78 1.60 1.40 1.18 0.94

%_ Time to Peak (min) 27 30 42 59 77 97 119
a8 . S2-A2 Amplitude (°C) 4.00 3.83 3.63 3.35 3.06 2.67 2.27
> £ Time to Peak (min) 39 41 51 67 84 104 124
"g 8 S2-A3 Amplitude (°C) 6.00 5.82 5.60 5.30 4.99 4.58 4.16
g Time to Peak (min) 48 50 59 73 88 107 127
= S2-A4 Amplitude (°C) 8.00 7.78 7.54 7.20 6.80 6.35 5.85
Time to Peak (min) 42 44 52 65 79 97 115

S2-Al Amplitude (°C) 2.00 1.94 1.78 1.60 1.40 1.18 0.94

% %) Time to Peak (min) 27 30 42 59 77 97 119
B & $2-B1 Amplitude (°C) 2.00 1.96 1.81 1.65 1.46 1.27 1.05
g = Time to Peak (min) 29 32 42 58 75 94 115
£ % $9-C1 Amplitude (°C) 2.00 1.97 1.83 1.68 1.52 1.34 1.13
',Z S Time to Peak (min) 38 40 47 62 78 97 117
=0 .01 Amplitude (°C) 2.00 1.98 1.85 171 156 139  1.19
Time to Peak (min) 33 34 40 54 69 87 106

*Note:

(1) Amplitude is the difference between initial temperature and peak temperature; Time to peak is the time elapsed to reach the peak.
(2) I-Inter-comparison between experiments with constant ponding depth (10cm) and varying temperature gradient (2°, 4°, 6° and 8°C)
11- Inter-comparison between experiments with constant temperature gradient (2°C) and varying ponding depth (10, 11, 12 and 13 cm)

(3) T2 in ponding water; T3 and T4 in Fine Sand Il (FS I1); T5 and T6 in Fine Sand I (FS 1); T7 and T8 in Medium Sand (MS)
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4.4.2.2 Variation of Fluid Flux Profiles

In this section, estimated fluid flux (using Amplitude Ratio (AR) and Phase
Difference (PD) methods) variation of Scenario 2 is presented and discussed. Figure
4.10(a-d) presents variation of fluid fluxes estimated using Keery and Hatch methods using
Amplitude Ratio (AR) and Phase Difference (PD) for different cases (S2-Al, S2- A2, S2-
A3 and S2-A4) of Scenario 2 (S2) with varying temperature gradient (2°, 4°, 6° and 8°C)
while the ponding depth remains constant. Similar to S1. It can be seen that the fluid fluxes
in the bottom layer Top layer (FS I) Medium Sand (MS)) are higher than middle layer (Fine
Sand Il (FS 1)) and bottom layer (Medium Sand (MS)) whereas the estimated fluxes in
bottom layer are observed to higher than middle layer followed by top layer in S1. Similar
to S1, in-comparison of fluxes estimated with Keery, Hatch AR and PD methods and the
maximum and minimum values of fluxes are observed to be estimated using Keery AR
method and PD methods (Table 4.9). The fluid fluxes estimated using Keery AR method
for the cases S2-Al (ponding depth of 10 cm and temperature gradient of 2°C), S2-A2
(ponding depth of 10 cm and temperature gradient of 4°C), S2-A3 (ponding depth of 10 cm
and temperature gradient of 6°C) and S2-A4 (ponding depth of 10 cm and temperature
gradient of 8°C) in top (FS 1), middle (FS Il) and bottom (MS) soil layers are shown in
Figure 4.10(a). The estimated fluxes slightly increased from 13.44 to 13.53 m/day in FS II,
11.60 to 11.92 m/day in FS I, 11.13 to 11.31 m/day with an increment of temperature
gradient by 2°C while the ponding depth remains constant (10 cm). Whereas, the fluxes
estimated using Keery PD method are observed to be slightly increased from 38.45-38.71
m/day, 37.10-38.03 m/day, 34.82-35.04 m/day in FS I, FS | and MS layers respectively
from case S2-Al to S2-A4 (Figure 10(b)). In Figure 10(c-d), similar observations can also
be seen in the case of fluxes estimated using Hatch AR and PD methods. However, similar
to S1, in very few cases, this behavior is different. For example, fluxes estimated using
Keery PD method are observed to be decreased in the case of S2-A2 against S1-Alin FS |
layer (Table 4.9). It may be resulted due to the fluctuations in water level while maintaining
the constant ponding depth throughout the experiment. The estimated fluid fluxes of
various cases for Scenario 1 for different temperature gradients (2, 4, 6 and 8°C) at constant
ponding depth (10 cm) are shown in Table 4.9. It can be noted that the increase in
temperature gradient slightly increased the fluid fluxes with while ponding depth remains

constant. However, this increase is not much significant similar to S1.
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The variation of fluxes estimated using Keery and Hatch analytical methods
obtained in Scenario 2 for four different ponding depths (10, 11, 12 and 13 cm) and
temperature gradient (2°C) are shown in Figures 4.10(e-h). Fluid fluxes estimated using
Keery AR method in case of S2-Al (ponding depth 10 cm and temperature gradient of
2°C), S2-B1 (ponding depth 11 cm and temperature gradient of 2°C), S2-C1 (ponding depth
12 cm and temperature gradient of 2°C) and S2-D1 (ponding depth 13 cm and temperature
gradient of 2°C) are shown in Figure 4.10(e). The fluid fluxes are noted to be increased
from 13.44 to 15.19 m/day, 11.60 to 12.87 m/day, 11.13 to 12.44 m/day in top (FS I),
middle (FS 11) and bottom (MS) soil layers respectively with an increment of 1 cm ponding
depth while the temperature gradient remains constant. Whereas, the fluxes estimated using
Keery PD method are observed to be increased from 38.71 to 41.79 m/day, 37.10-40.05
m/day, 34.82 to 36.27 m/day in FS I, FS Il and MS layers respectively from case S2-Al to
S2-D1 (Figure 10 (f)). Similar observations can be seen in the case of fluxes estimated
using Hatch AR and PD methods also (Figures 4.10(g-h). Table 9 presents the estimated
fluid fluxes of various cases for Scenario 2 for different ponding depths (10, 11, 12 and 13
cm) and temperature gradient (2° C). In S2 also, it was noted that fluid fluxes significantly
increased with the increase in ponding depth while the temperature gradient remains
constant. However, similar to S1, it is clearly observed that change in ponding depth has a
significant influence on fluid flux over the change in temperature gradient. Also, it is noted
that in all the experiments, the fluid fluxes are observed to be more in Fine Sand | (FS 1)
than Fine Sand Il (FS 1) followed by Medium Sand (MS) irrespective of method. Similar
to S1, it can be observed that Keery AR method provides good agreement with measured
seepage velocity than Kerry PD, Hatch AR and PD methods (Table 4.10). Also, it can be
noted that the fluxes estimated in Scenario 1 are observed to be more in comparison with
Scenario 2 (Table 4.5, 4.6, 4. 9 and 4.10).
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Figure 4.10: Fluid flux variation in different soil layers in Scenario 2 for the cases S2-Al, S2-
A2, $2-A3 and S2-A4 using (a) Keery AR (b) Hatch AR (c) Keery PD (d) Hatch PD methods
and for the cases S2-A1, S2-B1, S2-C1 and S2-D1 using (e) Keery AR (f) Hatch AR (g) Keery

PD (h) Hatch PD methods
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Table 4.9: Estimated fluid fluxes for different temperature gradients and ponding depth
(10 cm) along with measured seepage velocities at bottom outlet

Velocity (m/day) Measured
Case Soil Layer Velocity
Keery-AR Keery-PD Hatch-AR Hatch-PD  atoutlet
(m/day)
Fine Sand 11 (FS 1) 13.44 38.71 16.49 37.90
S2-Al  Fine Sand (FS ) 11.60 37.10 15.24 36.07 11.01
Medium Sand (MS) 11.13 34.82 14.82 33.65
Fine Sand 11 (FS 11) 13.44 38.28 16.50 37.94
S2-A2  Fine Sand (FS I) 11.76 37.95 15.19 36.26 11.19
Medium Sand (MS)  11.31 35.02 14.82 33.72
Fine Sand 11 (FS 11) 13.56 38.41 16.48 37.00
S2-A3  Fine Sand (FS I) 11.86 38.04 15.20 36.14 11.25
Medium Sand (MS)  11.30 35.03 14.01 33.66
Fine Sand 11 (FS 1) 13.53 38.45 16.41 37.11
S2-A4  Fine Sand (FS I) 11.92 38.03 15.19 36.53 11.35
Medium Sand (MS)  11.31 35.04 14.17 33.78

Table 4.10: Estimated fluid fluxes for different temperature gradients and ponding depth
(10 cm) along with measured seepage velocities at bottom outlet

Velocity (m/day) Measured
Case Soil Layer Yeyoity
Keery-AR Keery-PD Hatch-AR Hatch-PD  atoutlet
(m/day)
Fine Sand I (FS II) 13.44 38.71 16.49 37.90
S2-A1  Fine Sand (FS 1) 11.60 37.10 15.24 36.07 11.01
Medium Sand (MS) 11.13 34.82 14.82 33.65
FineSand I (FS II)  13.99 39.56 17.94 38.87
S2-Bl Fine Sand (FS'I) 12.03 38.36 16.40 37.07 11.26
Medium Sand (MS) ~ 11.39 35.24 15.20 34.46
Fine Sand Il (FS 11) 14.53 40.22 18.22 39.05
S2-C1 Fine Sand (FS 1) 12.46 39.36 17.88 38.42 11.83
Medium Sand (MS) ~ 11.94 35.79 16.81 35.19
Fine Sand 11 (FS 1) 15.19 41.79 19.83 40.62
S2-D1  Fine Sand (FS I) 12.87 40.05 18.46 39.07 12.32
Medium Sand (MS) 12.44 36.27 17.20 35.84
94
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4.4.2.3 Variation of Hydraulic Conductivity

Similar to S1, fluid fluxes estimated using Keery AR method showed good
agreement with measured seepage velocity in S2. These fluxes were used to calculate
hydraulic conductivities of soil layers (using Darcy’ law) for different scenarios. In this
section, the calculated hydraulic conductivity variation of different soil layers along with
effective hydraulic conductivities of various experiments of Scenario 2 are presented and

discussed.

Variation of hydraulic conductivities of soil layers calculated using the fluxes with
Keery AR method for different cases of Scenario 2 is shown in Figure 4.11. Although, the
fluxes in top layer are observed to be more than middle and bottom layers, the hydraulic
conductivity in the bottom layer (Medium Sand (MS)) is higher than middle layer (Fine
Sand | (FS I)) followed by top layer (Fine Sand Il (FS I1)). However, these values are
observed to be less in all soil layers in comparison with S1. Figure 4.11(a) shows the
variation of hydraulic conductivities for the cases S2-Al (ponding depth of 10 cm and
temperature gradient of 2°C), S2-A2 (ponding depth of 10 cm and temperature gradient of
4°C), S2-A3 (ponding depth of 10 cm and temperature gradient of 6°C) and S2-A4
(ponding depth of 10 cm and temperature gradient of 8°C) in top (FS 1), middle (FS II),
bottom (MS) soil layers. It can be found that calculated conductivity variation is
insignificant (or less variation) and ranged from 3.24-3.30 m/day in FS 1, 4.12-4.24 m/day
in FS I, 4.43-4.50 m/day in MS layers, respectively with an increment of temperature
gradient by 2°C while the ponding depth remains constant (10 cm). It can be also noted that
similar observations are seen in the cases of varying ponding depth (10 cm) at the constant
temperature gradient (2°C). Hydraulic conductivity variation in case S1-Al (ponding depth
of 10 cm and temperature gradient of 2°C), S1-B1 (ponding depth of 11 cm and temperature
gradient of 2°C), S1-C1 (ponding depth of 11 cm and temperature gradient of 2°C) and S1-
D1 (ponding depth of 11 cm and temperature gradient of 2°C) in FS I, FS Il and MS layers
are shown in Figure 4.11(b). It can be noted that the hydraulic conductivity values slightly
increased with an increment of ponding depth by 1 cm while the temperature gradient
remains constant (2°C).and the values ranged from 3.24-3.26 m/day in FS Il, 4.12-4.37
m/day in FS 1, 4.43-4.82 m/day in MS layers respectively. However, it can be observed that
this increase in conductivity values are insignificant or not much varied with increase in
ponding depth. The calculated hydraulic conductivity values of different cases (varying
ponding depth and varying temperature gradient).of Scenario 2 are shown in Table 4.11.
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Similar to Scenario 1, inter-comparison of different cases of Scenario 2 reveals that ponding
depth and temperature gradient are not significantly influenced hydraulic conductivity

values of soil layers.
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Figure 4.11: Hydraulic conductivity variation using Keery AR method in Scenario 2 for (a)
S2-A1, S2-A2, S2-A3, S2-A4 (b) S2-Al, S2-B1, S2-C, S2-D1

Table 4.11: Calculated hydraulic conductivity of different soil layers for different
temperature gradients at constant ponding depth (10 cm) in Scenario 2

Hydraulic Conductivity Hydraulic Conductivity

Soil Layer Case Case

(m/day) (m/day)
Fine Sand 11 (FS 11) 3.24 3.24
Fine Sand (FS1)  S2-Al 4.12 S2-Al 4.12
Medium Sand (MS) 4.43 4.43
Fine Sand Il (FS I1) 3.29 3.26
Fine Sand (FS1)  S2-A2 4.18 S2-B1 4.21
Medium Sand (MS) 4.50 4.49
Fine Sand Il (FS 11) 3.31 3.25
Fine Sand (FS1)  S2-A3 421 S2-C1 4.30
Medium Sand (MS) 4.50 4.66
Fine Sand Il (FS I1) 3.30 3.24
FineSand (FS1)  S2-A4 4.24 S2-D1 4.37
Medium Sand (MS) 4.50 4.82
96
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443 Scenario 3 (MS, FS I, FS II)

In scenario 3 (S3), Medium Sand (MS), Fine Sand I (FS I) and Fine Sand (FS II)
were placed at top, middle and bottom layers in the sandbox and total sixteen experiments
were conducted in the sandbox by varying ponding depths (10, 11, 12 and 13 cm) and
temperature gradient between normal water and hot water (2°, 4°, 6° and 8°C). In this sub-
section, experiments conducted for the cases S3-Al, S3-A2, S3-A3, S3-A4 (varying
temperature gradient at constant ponding depth (10 cm); S3-Al, S3-B1, S3-C1, S3-D1
(varying ponding depth at constant temperature gradient (2°C)) are presented and

discussed.

4.4.3.1 Variation of Vertical Temperature Profiles

Figure 4.12 shows the variation of temperature profiles measured at different sensor
positions in scenario 3 for different temperature gradients (2°, 4°, 6° and 8°C) at constant
ponding depth (10 cm). Similar to S1 and S2, the temperature profiles followed sinusoidal
nature with a single peak in S3. The amplitudes of temperature profiles are observed to be
decreased while the time to attain peak temperature increased with time. It was also noted
that the variation of temperature at the bottom sensor is less comparative to sensors placed
at the top. The vertical variation of temperature profile in the case of S3-Al (ponding depth
10 cm, temperature gradient of 2°C) is shown in Figure 4.12(a). The time taken to attain
the required temperature gradient (2°C) at sensor T2 is around 22 min. As the sensors (T3
and T4) in the top layer (MS) are nearer to SWI, the responses of these sensors are quick
and attained higher peaks (1.87° and 1.67°C) in 31 and 51 min respectively. The amplitudes
(1.42° and 1.15°C) and time to peak (93 and 143 min) of sensors T5 and T6 reduced and
delayed with time in the middle layers (FS I). Whereas, in bottom layers (FS II), the
amplitudes further reduced (0.90° and 0.70°C) and time to peaks increased (184 and 221
min) at sensors T7 and T8 respectively.

The variation of vertical temperature profile at different sensor positions in case of
S3-A2 (ponding depth 10 cm, temperature gradient of 4°C), S3-A3 (ponding depth 10 cm,
temperature gradient of 6°C) and S3-A4 (ponding depth 10 cm, temperature gradient of
8°C) are shown in Figures 4.12(b-d). The observations drawn from these cases are similar
to the case against S3-Al. The amplitudes and time to peak at different sensors for different
experiments (change in temperature gradient) are presented in Table 4.12. It can be

observed that the time taken to attain the required temperature gradient at sensor T2
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increased with increase in temperature gradient whereas, in-comparison to case 3, the time
taken to attain the required temperature gradient is noted to be less in case 4 and it may be
resulted due to higher temperature gradients. However, the time to peak at all sensors in
the soil column slightly decreased with the increase in temperature gradient. Similar toS1
and S2, it can be noted that the influence of change in temperature gradient on fluid flux

passing through soil layers is gradual or not much significant.
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Figure 4.12: Variation of temperature profiles measured at different sensors in case of (a)
S3-Al (b) S3-A2 (c) S3-A3 (d) S3-A4
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Figure 4.13: Variation of temperature profiles measured at different sensors in case of (a)
S3-Al (b) S3-B1 (c) S3-C1 (d) S3-D1

Figure 4.13 shows the variation of temperature profiles measured at different depths
below the soil column in scenario 3 for different ponding depths (10, 11, 12 and 13 cm)
and constant temperature gradient of 2°C (S3-Al, S3-B1, S3-C1 and S3-D1). The
temperature profiles of case S3-Al (depth 10 and temperature gradient of 2°C) and S3-B1
(ponding depth 11 cm and temperature gradient of 2°C) can be seen in Figure 4.13(a-b). It
can be noted that the time taken to attain the required temperature gradient (2°C) at sensor
T2 for case S3-B1 is around 34 min and this value is less in the case of S3-Al (22 min). In
the top layer, the responses of T3 and T4 sensors in case of S3-B1 are much quick and
attained higher peaks (1.89° and 1.71°C) against S3-Al (1.87° and 1.67°C) whereas the
time taken to attain peak temperature (42 and 60 min for T3 and T4) increased with increase
in ponding depth to 11 cm against S3-Al (31 and 51 min). It may be resulted due to the
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increment in water depth from 10 to 11 cm might increase the fluid flow flux. In the middle
layers, the amplitudes of sensors T5 and T6 positioned (FS 1) reduced to 1.47° and 1.21°C
(S3-B1) and this reduction is less compared to S3-Al (1.42° and 1.15°C). Whereas, the
time to peak is observed to be 101 min and 150 min at T5 and T6 and these values are less
for S3-B1 against S3-B1 (93 and 143 min). It is resulted due to the increase in ponding
depth, increased fluid flow velocity. Further, in the bottom (MS) layer, the amplitudes of
sensors T7 and T8 in the bottom (MS) layer reduced (0.97° and 0.78°C) and this reduction
also observed to be more in case of S3-Al (0.90° and 0.70°C) and the time to peak at
sensors T7 and T8 further delayed (188 and 224 min) in case of S3-B1 whereas time to

peak in case of S3-Al are also observed to similar (184 and 221 min).

The temperature profile variation at different sensor depths in the case of S2-C1
(ponding depth 12 cm and temperature gradient of 2°C) and S2-D1 (ponding depth 13 cm
and temperature gradient of 2°C) are shown in Figures 4.13(c-d). The observations drawn
from these cases are similar to S3-Al (Figure 4.13(a)). Table 4.12 presents the amplitudes
and time to peak at different sensors for different ponding depths and constant temperature
gradient (2°C). Similar to S1, and S2, in Scenario 3, the time to attain the required
temperature gradient at sensor T2 increased with the increase in ponding depth except for
S3-D1 against S3-C1. Higher incoming discharges might have resulted in this change.
However, with the increase in ponding depth, the amplitude at each sensor observed to be
increased while the time to peak decreased significantly (Table 4.12). It can be noted that
the observations are similar to S1 and S2 and also it is clearly indicated that change in
ponding depth has a significant influence on fluid flux over the change in temperature
gradient. Similar to Scenario 2, the reduction in temperature amplitude and an increase in

time to peak in Scenario 3 are observed to be more than S2 and S1.
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Table 4.12: Temperature profile Amplitude and Time to peak at different sensors for different cases in Scenario 3

Variable Case Parameters T2 T3 T4 T5 T6 T7 T8
S3-A1 Amplitude (°C) 2.00 1.87 1.67 1.42 1.15 0.90 0.70

< Time to Peak (min) 22 31 51 93 143 184 221
g’f\ S3-A2 Amplitude (°C) 4.00 3.76 3.49 3.18 2.84 2.53 2.24
> g Time to Peak (min) 41 49 67 107 156 195 231
'g g S3-A3 Amplitude (°C) 6.00 5.70 5.37 4.97 4.54 4.14 3.77
a Time to Peak (min) 54 61 78 117 165 202 236
= S3-A4 Amplitude (°C) 8.00 7.65 7.21 6.74 6.25 5.82 5.42
Time to Peak (min) 46 53 69 107 153 189 222

S3-AL Amplitude (°C) 2.00 1.87 1.67 1.42 1.15 0.90 0.70

o Time to Peak (min) 22 31 51 93 143 184 221
% g S3-B1 Amplitude (°C) 2.00 1.89 1.71 1.47 1.21 0.97 0.78
g»_ TE' Time to Peak (min) 34 42 60 101 150 188 224
£ = 3.1 Amplitude (°C) 2.00 191 1.75 1.52 1.27 1.04 0.86
; S Time to Peak (min) 48 55 72 111 158 194 228
=© S3-D1 Amplitude (°C) 2.00 1.92 1.77 1.55 1.31 1.09 0.92
Time to Peak (min) 33 37 50 84 127 158 183

*Note:

(1) Amplitude is the difference between initial temperature and peak temperature; Time to peak is the time elapsed to reach the peak.

(2) I-Inter-comparison between experiments with constant ponding depth (10cm) and varying temperature gradient (2°, 4°, 6° and 8°C)

11- Inter-comparison between experiments with constant temperature gradient (2°C) and varying ponding depth (10, 11, 12 and 13 cm)

(3) T2 in ponding water; T3 and T4 in Medium Sand (MS); T5 and T6 in Fine Sand | (FS I); T7 and T8 in Fine Sand 11 (FS I1)
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4.4.3.2 Variation of Fluid Flux Profiles

In this section, estimated fluid flux (using Amplitude Ratio (AR) and Phase
Difference (PD) methods) variation of Scenario 3 is presented and discussed. The variation
of fluid fluxes estimated using Keery and Hatch Amplitude Ratio (AR) and Phase
Difference (PD) methods in different cases (S3-Al, S3- A2, S3-A3 and S3-A4) in Scenario
3 (S3) with varying temperature gradient (2, 4, 6 and 8 °C) while the ponding depth remains
constant can be seen in Figure 4.14(a-d)). It can be observed that the fluid fluxes in the
bottom layer (Fine Sand I1) are higher than top layer (Medium Sand) followed by Fine Sand
I. Whereas, fluxes are more in bottom (Medium Sand) layer in Scenario 1, and in the top
layer (Fine Sand I1) in Scenario 2. Similar to S1 and S2, in-comparison of fluxes estimated
with Keery, Hatch AR and PD methods and the maximum and minimum values of fluxes
are observed to be estimated using Keery AR method and PD methods (Table 4.13). Figure
4.14(a) shows the fluid fluxes estimated using Keery AR method for the cases S3-Al
(ponding depth of 10 cm and temperature gradient of 2°C), S3-A2 (ponding depth of 10 cm
and temperature gradient of 4°C), S3-A3 (ponding depth of 10 cm and temperature gradient
of 6°C) and S3-A4 (ponding depth of 10 cm and temperature gradient of 8°C) in top (FS
1), middle (FS 1I) and bottom (MS) soil layers. It can be noted that the estimated fluxes
slightly increased from 11.05 to 11.32 m/day in MS, 10.32 to 10.38 m/day in FS I, 11.42
to 11.85 m/day with an increment of temperature gradient by 2°C while the ponding depth
remains constant (10 cm). Whereas, the fluxes estimated using Keery PD method are
observed to be slightly increased from 26.27-26.80 m/day, 24.71-25.07 m/day, 34.82-35.04
m/day in MS, FS | and FS 1l layers respectively from case S3-Al to S3-A4 (Figure 4.14(b)).
Similar observations can also be seen in the case of fluxes estimated using Hatch AR and
PD methods (Figure 4.14(c-d). However, similar to S1 and S2, in very few cases, this
behavior is different. For example, fluxes estimated using Hatch PD method are observed
to be decreased in the case of S3-A2 against S3-Al in FS Il layer (Table 12). Water level
fluctuations might have resulted this change. The estimated fluid fluxes of various cases
for Scenario 3 for different temperature gradients (2, 4, 6 and 8°C) at constant ponding
depth (10 cm) are shown in Table 4.14. It can be observed that the increase in temperature
gradient slightly increased the fluid fluxes with while ponding depth remains constant.

However, this increase is not much significant similar to S1 and S2.

Figures 4.14(e-h) shows the variation of fluxes estimated using Keery and Hatch
analytical methods obtained in Scenario 3 for four different ponding depths (10, 11, 12 and

102
TH-2518_136104028



FLUID FLUX & HYDRAULIC CONDUCTIVITY ESTIMATION

13 cm) and constant temperature gradient (2°C) Fluid fluxes estimated using Keery AR
method in case of S3-Al (ponding depth 10 cm and temperature gradient of 2°C), S3-B1
(ponding depth 11 cm and temperature gradient of 2°C), S3-C1 (ponding depth 12 cm and
temperature gradient of 2°C) and S3-D1 (ponding depth 13 cm and temperature gradient of
2°C) are shown in Figure 4.14(e). The fluid fluxes increased from 11.05-12.72 m/day,
10.38-11.89 m/day, 11.42-12.92 m/day in the top (MS), middle (FS I) and bottom (FS 1)
soil layers respectively with an increment of 1 cm ponding depth while the temperature
gradient remains constant. Whereas, the fluxes estimated using Keery PD method ae
observed to be increased from 26.27 to 28.90 m/day 24.71-26.48, 27.02-28.90 m/day in
MS, FS Il and FS Il layers respectively from case S3-Al to S3-D1 (Figure 4.14(f)). The
observations drawn from these cases are similar to S1 and S2 using Hatch and PD methods
(Figure 4.14(g-h)). The estimated fluid fluxes of various cases for Scenario 3 for different
ponding depths (10, 11, 12 and 13 cm) and temperature gradient (2° C) are shown in Table
4.14. It can be found that fluid fluxes significantly increased with the increase in ponding
depth while temperature gradient remains constant similar to S1 and S2. Also, it is clearly
observed that change in ponding depth has a significant influence on fluid flux over the
change in temperature gradient. Also, it can be noted that in all the experiments, the fluid
fluxes are observed to be more in Fine Sand Il (FS I1) than Medium Sand (MS) followed
by Fine Sand | (FS 1) irrespective of method. Similar to S1 and S2, it is observed that Keery
AR method provides good agreement with measured seepage velocity than Kerry PD,
Hatch AR and PD methods (Table 4.14). It is also noted that in comparison of fluxes

estimated in S1 and S2 with S3 indicate that the fluxes are observed to less than S2 and S1.
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Figure 4.14: Fluid flux variation in different soil layers in Scenario 3 for the cases S3-Al, S3-
A2, S3-A3 and S3-A4 using (a) Keery AR (b) Hatch AR (c) Keery PD (d) Hatch PD methods
and for the cases S3-A1, S3-B1, S3-C1 and S3-D1 using (e) Keery AR (f) Hatch AR (g) Keery

PD (h) Hatch PD methods
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Table 4.13: Estimated fluid fluxes for different temperature gradients and ponding depth
(10 cm) along with measured seepage velocities at bottom outlet

Velocity (m/day) Measured
Case Soil Layer Velocity
Keery-AR Keery-PD Hatch-AR Hatch-PD  atoutlet
(m/day)
Medium Sand (MS) 11.05 26.27 12.72 23.17
S3-Al  Fine Sand (FS ) 10.38 24.71 11.24 21.62 11.29
Fine Sand 11 (FS 11) 11.42 27.02 13.31 23.84
Medium Sand (MS)  11.10 26.46 12.90 23.25
S3-A2  Fine Sand (FS I) 10.49 24.76 11.45 21.61 11.51
Fine Sand 11 (FS 1) 11.62 27.23 13.38 23.82
Medium Sand (MS)  11.17 26.66 13.00 23.24
S3-A3  Fine Sand (FS I) 10.59 24.99 11.44 21.70 11.68
Fine Sand I1 (FS 1) 11.76 27.31 13.46 23.89
Medium Sand (MS)  11.32 26.80 13.07 23.37
S3-A4  Fine Sand (FS I) 10.72 25.07 11.51 21.88 11.77
Fine Sand 11 (FS 1) 11.85 27.48 13.52 23.98

Table 4.14: Estimated fluid fluxes for different ponding depths and temperature gradient
(2°C) along with measured seepage velocities at bottom outlet

Velocity (m/day) Measu_red
Case Soil Layer Velocity
Keery-AR Keery-PD Hatch-AR Hatch-PD  atoutlet
(m/day)
Medium Sand (MS) 11.05 26.27 12.72 23.17
S3-Al  Fine Sand (FS I) 10.38 24.71 11.24 21.62 11.77
Fine Sand 11 (FS 1) 11.42 27.02 13.31 23.84
Medium Sand (MS) 11.49 27.12 13.38 23.85
S3-B1  Fine Sand (FS I) 10.86 25.16 11.81 22.33 11.84
Fine Sand Il (FS 1) 11.93 27.57 13.81 24.46
Medium Sand (MS) 12.12 27.76 14.12 24.40
S3-C1 Fine Sand (FS I) 11.41 25.87 12.50 23.02 12.19
Fine Sand Il (FS I1) 12.39 28.27 14.54 25.06
Medium Sand (MS) 12.72 28.26 14.72 25.08
S3-D1  Fine Sand (FS I) 11.89 26.48 13.09 23.70 12.86
Fine Sand Il (FS I1) 12.92 28.90 15.07 25.62
105
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4.4.3.3 Variation of Hydraulic Conductivity

Similar to S1 and S2, the fluid fluxes estimated using Keery AR method were in
accordance with measured seepage velocity in S3. These fluxes were used to calculate
hydraulic conductivities of soil layers (using Darcy’ law) for different scenarios. In this
section, the calculated hydraulic conductivity variation of different soil layers along with
effective hydraulic conductivities of various experiments of Scenario 3 are presented and

discussed.

Variation of hydraulic conductivities of soil layers calculated using the fluxes with
Keery AR method for different cases of Scenario 3 is shown in Figure 4.15. Although,
hydraulic conductivities of Medium Sand (MS) are more than other soil layers in S1 and
S2, in the case of S3, the conductivities are more in Fine Sand Il (bottom layer) followed
by FS I and MS. The variation of hydraulic conductivities for the cases S3-Al (ponding
depth of 10 cm and temperature gradient of 2°C), S3-A2 (ponding depth of 10 cm and
temperature gradient of 4°C), S3-A3 (ponding depth of 10 cm and temperature gradient of
6°C) and S3-A4 (ponding depth of 10 cm and temperature gradient of 8°C) in top (MS),
middle (FS 1), bottom (FS Il) soil layers are shown in Figure 4.15(a). The calculated
conductivity variation is insignificant (or less variation) and ranged from 2.72-3.30 m/day
in MS, 3.86-4.23 m/day in FS |, 4.13-4.55 m/day in FS Il layers respectively with an
increment of temperature gradient by 2°C while the ponding depth remains constant (10
cm). Similar to S1 and S2, it can be also noted that similar observations are also seen in the
cases of varying ponding depth (10 cm) at the constant temperature gradient (2°C).
Hydraulic conductivity variation case S3-Al (ponding depth of 10 cm and temperature
gradient of 2°C), S3-B1 (ponding depth of 11 cm and temperature gradient of 2°C), S3-C1
(ponding depth of 11 cm and temperature gradient of 2°C) and S3-D1 (ponding depth of
11 cm and temperature gradient of 2°C) in MS, FS | and FS Il layers are shown in Figure
4.15(b). The hydraulic conductivity values slightly increased with an increment of ponding
depth by 1 cm while the temperature gradient remains constant (2°C) and the values ranged
from 2.72-2.79 m/day in MS, 3.86-3.99 m/day in FS I, 3.86-4.29 m/day in FS Il layers
respectively. However, it can be observed that this increase in conductivity values is
insignificant or not much varied with the increase in ponding depth. Table 4.15 shows the
calculated hydraulic conductivity values of different cases (varying ponding depth and
varying temperature gradient) of Scenario 3. Similar to Scenario 1 and 2, inter-comparison
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of different cases of Scenario 3 reveals that varying ponding depth and temperature gradient

is not significantly influenced hydraulic conductivity values of soil layers.
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Figure 4.15: Hydraulic conductivity variation using Keery AR method in Scenario 3 for (a)
S3-Al, S3-A2, S3-A3, S3-A4 (b) S3-A1, S3-B1, S3-C1, S3-D1

Table 4.15: Calculated hydraulic conductivity of different soil layers for different
temperature gradients at constant ponding depth (10 cm) in Scenario 3

Hydraulic Conductivity Hydraulic Conductivity

Soil Layer Case Case

(m/day) (m/day)
Medium Sand (MS) 2.72 2.72
Fine Sand (FS1)  S3-Al 3.86 S3-Al 3.86
Fine Sand Il (FS 1) 4.13 4.13
Medium Sand (MS) 2.74 2.73
Fine Sand (FS1)  S3-A2 3.95 S3-B1 3.91
Fine Sand Il (FS I1) 4.18 4.21
Medium Sand (MS) 2.76 2.75
Fine Sand (FS1)  S3-A3 4.12 S3-C1 3.94
Fine Sand Il (FS I1) 4.40 4.25
Medium Sand (MS) 2.79 2.79
Fine Sand (FS1)  S3-A4 4.23 S3-D1 3.99
Fine Sand Il (FS 1) 4.55 4.29
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444 Scenario4 (MS, FS II, FS I)

In scenario 4 (S4), Medium Sand (MS), Fine Sand Il (FS 1) and Fine Sand I (FS I)
were placed at top, middle and bottom layers in the sandbox and total sixteen experiments
were conducted in the sandbox by varying ponding depths (10, 11, 12 and 13 cm) and
temperature gradient between normal water and hot water (2, 4, 6 and 8 °C). In this sub-
section, experiments conducted for the cases S4-Al, S4-A2, S4-A3, S4-A4 (varying
temperature gradient at constant ponding depth (10 cm); S4-Al, S3-B1, S4-C1, S4-D1
(varying ponding depth at constant temperature gradient (2°C)) are presented and

discussed.

4.4.4.1 Variation of Vertical Temperature Profiles

The variation of vertical temperature profiles measured at different sensor positions
in Scenario 4 for different temperature gradients (2, 4, 6 and 8°C) at constant ponding depth
(10 cm) is shown in Figure 4.16. In S4 also, the temperature profiles followed sinusoidal
nature with single peak similar to S1, S2 and S3, the amplitudes of temperature profile
decreased while the time to attain peak temperature increased with time and the variation
of temperature at the bottom sensor is less comparative to sensors placed at the top. Figure
4.16(a) shows the variation of the temperature profiles in case of S4-Al (ponding depth 10
cm, temperature gradient of 2°C). The time taken to attain the required temperature gradient
(2°C) at sensor T2 is around 35 min and this time is observed to be more in comparison
with other scenarios. The responses of T3 and T4 in the first layer (MS) are quick and
attained higher peaks, the responses of these sensors are quick and attained higher peaks
(1.8°and 1.6°C) in 62 and 100 min respectively. With passage of fluid flux, the amplitudes
(1.36° and 1.10°C) and time to peak (145 and 200 min) of sensors T5 and T6 reduced and
delayed with time in middle layers (FS I1). Whereas, in bottom layers (FS 1), the amplitudes
further reduced (0.82° and 0.50°C) and time to peaks increased (293 and 396 min) at
sensors T7 and T8 respectively.

Figures 4.16(b-d) present the variation of vertical temperature profile at different
sensor positions in case of S3-A2 (ponding depth 10 cm, temperature gradient of 4°C), S3-
A3 (ponding depth 10 cm, temperature gradient of 6°C) and S3-A4 (ponding depth 10 cm,
temperature gradient of 8°C). The observations drawn from these cases are similar to the
case against S4-Al. Table 15 shows the amplitudes and time to peak at different sensors

for different experiments (change in temperature gradient). Similar other scenarios, in S4

108
TH-2518_136104028



FLUID FLUX & HYDRAULIC CONDUCTIVITY ESTIMATION

also it can be observed that the time taken to attain the required temperature gradient at

sensor T2 increased with the increase in temperature gradient whereas, in-comparison to

case 3, the time taken to attain the required temperature gradient is less in case 4. It may be

resulted due to higher temperature gradients. However, the time to peak at all sensors in

the soil column slightly decreased with the increase in temperature gradient. Similar to S1,

S2 and S3 it is observed that the influence of change in temperature gradient on fluid flux

passing through soil layers is gradual or not much significant in S4.
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Figure 4.16: Variation of temperature profiles measured at different sensors in case of (a)
S4-Al (b) S4-A2 (c) S4-A3 (d) S4-A4
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Figure 4.17: Variation of temperature profiles measured at different sensors in case of (q)
S4-A1 (b) S4-B1 (c) S4-C1 (d) S4-D1

Figure 4.17 shows the variation of temperature profiles measured at different depths
below the soil column in scenario 3 for different ponding depths (10, 11, 12 and 13 cm)
and temperature gradient of 2°C (S4-Al, S4-B1, S4-C1 and S4-D1). Figure 4.17(a-b)
presents the temperature profiles of case S4-Al (depth 10 and temperature gradient of 2°C)
and S4-B1 (ponding depth 11 cm and temperature gradient of 2°C). The time taken to attain
the required temperature gradient (2°C) at sensor T2 for case S4-B1 is around 45 min and
this value is noted to be less in case of S4-A1 (35 min). It can be observed that the responses
of T3 and T4 sensors in top layer (MS) in case of S4-B1 are much quick and attained higher
peaks (1.82° and 1.62°C) against S3-A1 (1.80° and 1.60°C) whereas the time taken to attain
peak temperature (68 and 104 min for T3 and T4) was increased with increase in ponding

depth to 11 cm against S4-Al (62 and 100 min). It may be resulted due to the increment in
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water depth from 10 to 11 cm might increase the fluid velocity. The amplitudes of sensors
T5 and T6 positioned in the middle layer (FS Il) are reduced to 1.40° and 1.15°C in S4-B1
and this reduction is found to be less compared to S4-A1 (1.36° and 1.10°C). Whereas, the
time to peak at T5 (145 min) and T6 (200 min) is observed to be approximately the same
for S4-Al and S4-B1 (145 and 198 min). It is be resulted due to the increase in ponding
depth might increase the fluid flux flow. Further, the amplitudes of sensors T7 and T8 in
the bottom layer (FS I) reduced (0.88° and 0.57°C) and this reduction is also in case of S4-
Al (0.82° and 0.50°C) and the time to peak at sensors T7 and T8 further delayed (288 and
387 min) in case of S4-B1 whereas time to peak in case of S3-Al also observed to be 293

and 396 min respectively.

Figures 4.17(c-d) present the vertical temperature profile variation at different
sensor depths in case of S4-C1 (ponding depth 12 cm and temperature gradient of 2°C) and
S4-D1 (ponding depth 13 cm and temperature gradient of 2°C). The observations drawn
from these cases are similar to S4-Al (Figure 4.17(a)). The amplitudes and time to peak at
different sensors for different ponding depths at the constant temperature gradient (2°C)
are presented in Table 4.12. Similar to S1, S2 and S3, the time to attain the required
temperature gradient at sensor T2 increased with the increase in ponding depth except for
S4-D1 against S4-C1 Higher incoming discharges might be caused this change. However,
with the increase in ponding depth, the amplitude at each sensor observed to be increased
while the time to peak decreased significantly (Table 4.16). It can be noted that the
observations are similarto S1, S2 and S3. Also, it is clearly indicated that change in ponding
depth has a significant influence on fluid flux over the change in temperature gradient.
Similar to Scenario 3, the reduction in temperature amplitude and increase in time to peak

in Scenario 3 is observed to be more than S3, S2 and S1.
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Table 4.16: Temperature profile Amplitude and Time to peak at different sensors for different cases in Scenario 4

Variable Case Parameters T2 T3 T4 T5 T6 T7 T8
SA-AL Amplitude (°C) 2.00 1.80 1.60 1.36 1.10 0.82 0.50

< Time to Peak (min) 35 62 100 145 200 293 396
g’ﬁ SA-AD Amplitude (°C) 4.00 3.68 3.34 2.93 2.48 2.00 1.49
> £ Time to Peak (min) 45 70 106 149 202 291 391
= \S’./ SA-A3 Amplitude (°C) 6.00 5.62 5.20 4.75 4.29 3.78 3.20
g Time to Peak (min) 70 93 127 167 219 305 403
= S4-Ad Amplitude (°C) 8.00 7.60 7.17 6.70 6.22 5.69 5.09
Time to Peak (min) 48 69 101 140 189 273 370

SA-AL Amplitude (°C) 2.00 1.80 1.60 1.36 1.10 0.82 0.50

o Time to Peak (min) 35 62 100 145 200 293 396
% g S4-B1 Amplitude (°C) 2.00 1.82 1.63 1.40 1.15 0.88 0.57
g»_ Ig Time to Peak (min) 45 68 104 145 198 288 387
£ % sacl Amplitude (°C) 2.00 1.83 1.65 1.43 1.19 0.93 0.63
,*_: S Time to Peak (min) 54 75 108 148 199 286 382
S s4-D1 Amplitude (°C) 2.00 1.84 1.67 1.46 1.23 0.98 0.69
Time to Peak (min) 48 67 98 135 183 262 357

*Note:

(1) Amplitude is the difference between initial temperature and peak temperature; Time to peak is the time elapsed to reach the peak.
(2) I-Inter-comparison between experiments with constant ponding depth (10cm) and varying temperature gradient (2°, 4°, 6° and 8°C)
11- Inter-comparison between experiments with constant temperature gradient (2°C) and varying ponding depth (10, 11, 12 and 13 cm)

(3) T2 in ponding water; T3 and T4 in Medium Sand (MS); T5 and T6 in Fine Sand Il (FS 1l); T7 and T8 in Fine Sand | (FS I)
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4.4.4.2 Variation of Fluid Flux Profiles

In this section, estimated fluid flux (using Amplitude Ratio (AR) and Phase
Difference (PD) methods) variation of Scenario 3 are presented and discussed. Figure
4.18(a-d) presents the variation of fluid fluxes estimated using Keery and Hatch Amplitude
Ratio (AR) and Phase Difference (PD) methods in different cases (S4-Al, S4- A2, S4-A3
and S4-A4) in Scenario 4 (S4) with varying temperature gradient (2°, 4°, 6° and 8°C) while
the ponding depth remains constant. It can be seen that the fluid fluxes in the top layer
(Medium Sand) are higher than the middle layer (Fine Sand Il) followed by Fine Sand II.
Whereas, the fluxes are observed to be more in the bottom (Medium Sand) layer in Scenario
1, and in the top layer (Fine Sand Il) in Scenario 2, in the bottom layer (Fine Sand I1) in
Scenario 3. Similar to S1, S2 and S3, in-comparison of fluxes estimated with Keery, Hatch
AR and PD methods and the maximum and minimum values of fluxes are observed to be
estimated using Keery AR method and PD methods (Table 4.17). The fluid fluxes estimated
using Keery AR method for the cases S4-Al (ponding depth of 10 cm and temperature
gradient of 2°C), S4-A2 (ponding depth of 10 cm and temperature gradient of 4°C), S4-A3
(ponding depth of 10 cm and temperature gradient of 6°C) and S4-A4 (ponding depth of
10 cm and temperature gradient of 8°C) in top (FS 1), middle (FS 1) and bottom (MS) soil
layers are shown in Figure 18 (a). It can be noted that the estimated fluxes slightly increased
from 3.5 to 3.67 m/day in MS, 2.98 to 3.21 m/day in FS Il, 2.64 to 2.8 m/day with an
increment of temperature gradient by 2°C while the ponding depth remains constant (10
cm). Whereas, the fluxes estimated using Keery PD method are observed to be slightly
increased from 4.61-4.80 m/day, 3.83-4.03 m/day, 3.42-3.53 m/day in MS, FS Il and FS |
layers respectively from case S4-Al to S4-A4 (Figure 4.18(b)). Similar observations can
also be seen in the case of fluxes estimated using Hatch AR and PD methods (Figure 4.18(c-
d). However, similar to S1, S2 and S3, in very few cases, this behavior is different. For
example, fluxes estimated using Keery PD method are observed to be decreased in the case
of S4-A4 against S4-A3 in MS layer (Table 16). It may be due to the water level fluctuation
while conducting the experiment. Table 16 shows the estimated fluid fluxes of various
cases for Scenario 3 for different temperature gradients (2°, 4°, 6° and 8°C) at constant
ponding depth (10 cm). It can be observed that the increase in temperature gradient slightly
increased the fluid fluxes with while ponding depth remains constant. However, this

increase is not much significant similar to S1, S2 and S3.
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The variation of fluxes estimated using Keery and Hatch analytical methods
obtained in Scenario 4 for four different ponding depths (10, 11, 12 and 13 cm) and
temperature gradient (2°C) are shown in Figure 4.18(e-f). Figure 18 (e) shows the fluid
fluxes estimated using Keery AR method in case of S3-Al (ponding depth 10 cm and
temperature gradient of 2°C), S3-B1 (ponding depth 11 cm and temperature gradient of
2°C), S3-C1 (ponding depth 12 cm and temperature gradient of 2°C) and S3-D1 (ponding
depth 13 cm and temperature gradient of 2°C). It can be observed that the fluid fluxes
increased from 3.50-4.63 m/day, 2.98-3.91 m/day, 2.64-3.59 m/day in top (MS), middle
(FS I1) and bottom (FS 1) soil layers respectively with an increment of 1 cm ponding depth
while the temperature gradient remains constant. Whereas, the fluxes estimated using
Keery PD method are observed to be increased from 4.61-5.63 m/day, 3.83-4.77 m/day,
3.42-4.34 m/day in MS, FS Il and FS | layers respectively from case S4-Al to S4-D1
(Figure 4.18(f)). The observations drawn from these cases are similar to S1, S2 and S3
using Hatch and PD methods (Figure 418(g-h)). Table 4.18 shows the estimated fluid fluxes
of various cases for Scenario 3 for different ponding depths (10, 11, 12 and 13 cm) and
temperature gradient (2° C). It can be observed that fluid fluxes were significantly increased
with the increase in ponding depth while temperature gradient remains constant similar to
S1, S2 and S3. Also, it is clearly observed that change in ponding depth has a significant
influence on fluid flux over the change in temperature gradient. Also, it can be noted that
in all the experiments, the fluid fluxes are observed to be more in Medium sand (MS) than
Fine Sand 11 (FS 1) followed by Fine Sand I (FS I) irrespective of method. Similar to S1,
S2 and S3, it can be found that Keery AR method provides good agreement with measured
seepage velocity than Kerry PD, Hatch AR and PD methods (Table 4.18). It can also be
observed that in comparison of fluxes estimated in S1, S2 and S3 with S4 indicates that the

fluxes are observed to very less than S3, S2 and S1.

In the present study, it can be noted that Keery and Hatch methods showed
disagreement with each other in all the scenarios considered and it might be due to the lack
of consideration of dispersion term in Keery analytical method. It can also be observed that
AR and PD methods (used both in Keery and Hatch methods) showed disagreement with
each other. The differing sensitivities of these methods to input parameters might be a
reason for this disagreement and also partly due to multidimensional (2D and 3D) nature
of flow paths violating the one-dimensional assumption (Hatch et al., 2006; Keery et al.,

2007). Overall, it is clearly observed that Keery AR methods provide good agreement with
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measured seepage velocity at bottom outlet than other three methods (Tables 4.5, 4.6, 4.9,
4.10,4.12,4.13,4.17 and 4.18).

B S4-Al QOS4-A2 OS4-A3 OS4-A4

KeeryAR Hatch AR
S4 :
8 NE @ | a4 - (b)
E N N N | e
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Figure 4.18: Fluid flux variation in different soil layers in Scenario 4 for the cases S4-Al, S4-

A2, S4-A3 and S4-A4 using (a) Keery AR (b) Hatch AR (c) Keery PD (d) Hatch PD methods

and for the cases S4-A1, S4-B1, S4-C1 and S4-D1 using (e) Keery AR (f) Hatch AR (g) Keery
PD (h) Hatch PD methods
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Table 4.17: Estimated fluid fluxes for different temperature gradients and ponding depth
(10 cm) along with measured seepage velocities at the bottom outlet

Velocity (m/day) Measured
Case Soil Layer Velocity
Keery-AR Keery-PD Hatch-AR Hatch-PD  atoutlet
(m/day)
Medium Sand (MS) 3.50 4.61 4.17 4.67
S4-Al  Fine Sand Il (FS 1) 2.98 3.83 3.01 3.94 2.48
Fine Sand | (FS I) 2.64 3.42 2.82 3.35
Medium Sand (MS) 3.68 481 4.34 4.89
S4-A2  Fine Sand Il (FS 11) 3.17 3.99 3.03 3.96 2.63
Fine Sand I (FS 1) 2.78 3.50 2.84 3.60
Medium Sand (MS) 3.68 481 4,54 4.90
S4-A3  Fine Sand Il (FS 11) 3.22 4,05 3.04 4.01 2.71
Fine Sand I (FS 1) 2.77 3.50 2.42 3.59
Medium Sand (MS) 3.67 4.80 4,54 4.90
S4-A4  Fine Sand Il (FS I1) 3.21 4.03 3.09 4.00 2.82
Fine Sand | (FS I) 2.80 3.53 2.63 3.76

Table 4.18: Estimated fluid fluxes for different ponding depths and temperature gradient
(2°C) along with measured seepage velocities at the bottom outlet

Velocity (m/day) Measu_red
Case Soil Layer Ygloeity
Keery-AR Keery-PD Hatch-AR Hatch-PD  atoutlet
(m/day)
Medium Sand (MS) 3.50 4.61 4.17 4.67
S4-Al  Fine Sand Il (FS II) 2.98 3.83 3.01 3.94 2.48
Fine Sand | (FS 1) 2.64 3.42 2.82 3.35
Medium Sand (MS) 4.02 4.93 4.54 4.85
S4-B1  Fine Sand Il (FS 1) 3.33 4.15 3.43 4.20 2.89
Fine Sand | (FS 1) 3.01 3.72 3.10 3.68
Medium Sand (MS) 4.32 5.23 4.80 5.23
S4-C1  Fine Sand Il (FS 1) 3.62 450 3.76 4.58 3.18
Fine Sand | (FS 1) 3.29 4.04 3.32 3.98
Medium Sand (MS) 4.63 5.63 4.75 5.67
S4-D1 Fine Sand Il (FS I1) 3.91 4.77 4.05 4.84 3.48
Fine Sand I (FS 1) 3.59 4.34 3.81 4.28
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4.4.4.3 Variation of Hydraulic Conductivity

Similar to S1, S2 and S3, the fluid fluxes estimated using Keery AR supported the
results with measured seepage velocity in S4. These fluxes were used to calculate hydraulic
conductivities of soil layers (using Darcy’ law) for different scenarios. In this section, the
calculated hydraulic conductivity variation of different soil layers of Scenario 4 is presented

and discussed.

Figure 4.19 shows the variation of hydraulic conductivities of soil layers calculated
using the fluxes with Keery AR method for different cases of Scenario 4. Although,
hydraulic conductivities of Medium Sand (MS) are more than other soil layers in S1 and
S2, whereas, similar to S3 the conductivities are more in Fine Sand | (bottom layer)
followed by FS 1l and MS in case of S4. Figure 4.19(a) shows the variation of hydraulic
conductivities for the cases S3-Al (ponding depth of 10 cm and temperature gradient of
2°C), S3-A2 (ponding depth of 10 cm and temperature gradient of 4°C), S3-A3 (ponding
depth of 10 cm and temperature gradient of 6°C) and S3-A4 (ponding depth of 10 cm and
temperature gradient of 8°C) in top (MS), middle (FS 1), bottom (FS Il) soil layers. The
calculated conductivity variation is insignificant (or less variation) and ranged from 0.69-
0.73 m/day in MS, 1.01-1.09 m/day in FS Il, 1.05-1.12 m/day in FS | layers respectively
with an increment of temperature gradient by 2°C while the ponding depth remains constant
(10 cm). Similar to S1, S2 and S3, it can be also noted that similar observations are also
seen in the cases of varying ponding depth (10 cm) at constant temperature gradient (2°C).
Figure 4.19(b) shows the hydraulic conductivity variation case S4-Al (ponding depth of
10 cm and temperature gradient of 2°C), S4-B1 (ponding depth of 11 cm and temperature
gradient of 2°C), S4-C1 (ponding depth of 11 cm and temperature gradient of 2°C) and S4-
D1 (ponding depth of 11 cm and temperature gradient of 2°C) in MS, FS I and FS 11 layers.
The hydraulic conductivity values slightly increased with an increment of ponding depth
by 1 cm while the temperature gradient remains constant (2°C) and the values ranged from
0.69-0.82 m/day in MS, 1.01-1.26 m/day in FS II, 1.05-1.39 m/day in FS I layers
respectively. However, it is observed that this increase in conductivity values are
insignificant or not much varied with increase in ponding depth. The calculated hydraulic
conductivity values of different cases (varying ponding depth and varying temperature
gradient) of Scenario 4 are shown in Table 4.19. Similar to Scenario 1, 2 and 3, inter-
comparison of different cases of Scenario 4 reveals that varying ponding depth and
temperature gradient is not greatly influenced hydraulic conductivity values of soil layers.
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Figure 4.19: Hydraulic conductivity variation using Keery AR method in Scenario 4 for (a)
S4-A1, S4-A2, S4-A3, S4-A4 (b) S4-Al, S4-B1, S4-C, S4-D1

Table 4.19: Calculated hydraulic conductivity of different soil layers for different
temperature gradients at constant ponding depth (10 cm) in Scenario 4

Hydraulic Conductivity Hydraulic Conductivity

Soil Layer Case Case

(m/day) (m/day)
Medium Sand (MS) 0.69 0.69
Fine Sand Il (FS 1) S4-Al 1.01 S4-Al 1.01
Fine Sand I (FS I) 1.05 1.05
Medium Sand (MS) 0.73 0.77
Fine Sand Il (FS 1) S4-A2 1.07 S4-B1 111
Fine Sand I (FS I) 1.11 1.19
Medium Sand (MS) 0.73 0.79
Fine Sand I (FS Il) S4-A3 1.09 S4-C1 1.19
Fine Sand I (FS I) 1.10 1.28
Medium Sand (MS) 0.73 0.82
Fine Sand I (FS Il) S4-A4 1.09 S4-D1 1.26
Fine Sand I (FS I) 1.12 1.39
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4.5 INTER-COMPARISON OF FLUID FLUXES OF DIFFERENT SCENARIOS

In order to understand the influence of stratified soils over fluid flux, comparisons
between estimated fluid fluxes of the four Scenarios (S1, S2, S3 and S4) is made. Table
4.20 shows fluid fluxes estimated using Keery AR method between the Scenarios for case
Al (ponding depth 10 cm and Temperature gradient 2°C). In S1, less permeable soil layer
(Fine Sand I (FS 1)) was placed in top layer whereas moderately permeable (Fine Sand Il
(FS 1)) and highly permeable (Medium Sand (MS)) were placed in middle and bottom
layers respectively. In S1, fluid fluxes are found to be high in the bottom layer (MS) (17.81
m/day) followed by FS Il (14.71 m/day) and FS | (12.26 m/day) which indicates less
permeable soil (FS I) placed at top layer does not have any influence the fluxes in highly
permeable soil (MS). Whereas, in S2, moderately permeable soil layer (FS II) was placed
at top followed by less permeable soil layer was placed at the middle while highly
permeable soil layer (MS) placed remained constant at the bottom. In S2, fluid fluxes are
found to be high in FS Il (13.44 m/day) followed by FS I (11.60 m/day) and MS (11.13 m/
day). It indicates less permeable soil (FS 1) is placed over highly permeable (MS) soil has
significant effect on fluxes in MS.

Similar observations can be drawn from the other two scenarios (S3 and S4). In S3
and S4, the top layers remain constant (MS), while the other two layers are shuffled. In S3,
fluid fluxes are found to be high in the bottom layer (FS 1) (11.42 m/day) followed by MS
(11.04 m/day) and FS I (10.38 m/day) which indicates less permeable soil (FS 1) placed at
middle layer have less influence the fluxes in moderately permeable soil (FS II). Whereas,
in S2, fluid fluxes are found to be high in MS (3.50 m/day) followed by FS 1l (2.98 m/day)
and FS I (2.64 m/ day) which indicates highly significant influence of less permeable soil
(FS 11) on fluid fluxes in other layers.

Table 4.20: Estimated fluid fluxes in top, middle and bottom layers of Scenario 1, 2, 3 and
4

S1-Al S2-Al S3-Al S4-Al
Layer Velocit Velocit Velocit Velocit
Position elocity elocity elocity elocity
Layer (m/day) Layer (m/day) Layer (m/day) Layer (m/day)
Top FS 1 12.26 FS I 13.44 MS 11.05 MS 3.50
Middle FS I 14.71 FS 1 11.60 FS1 10.38 FS I 2.98
Bottom MS 17.81 MS 11.13 FS 1 11.42 FS1 2.64

*Note: Fluid fluxes estimated using Keery AR method are compared between Scenarios for the case Al

(Ponding depth 10 cm, Temperature gradient 2°C)

TH-2518_136104028
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From this inter-comparison of fluid fluxes, it is understood that if highly permeable
soils exist at the bottom layer, the influence of this soil cannot be seen in top layers and if
less permeable exists at the bottom layer, highly significant influence can be seen on fluid

fluxes in top layers.

4.6  STATISTICAL ANALYSIS OF FLUID FLUXES OF DIFFERENT SCENARIOS

Fluid flux values generated from varying ponding depth and constant temperature
gradient were subjected to analysis of variance (ANOVA) and pairwise comparison using
the Tukey-Kramer HSD test at P < 0.05. The results were analyzed using JMP Pro v. 14.0.0,
SAS Institute Inc., Cary, NC [Varma et al., 2018].

The effect of changing ponding depth when temperature gradient remained constant
with different scenarios 1, 2, 3 and 4 was found highly significantly different to the fluid
flux. As depicted from the results of changing ponding depth from 10 cm to 13 cm, the
fluid flux was increased gradually in all the scenarios. In contrast to the greater fluxes, the
high significance effects were well supported by the statistical analysis and are presented
in Table 4.21. Hence it can be concluded that the fluid fluxes projected using Keery AR
method were in accordance with measured seepage velocity and corresponding fluxes
calculated for hydraulic conductivities of soil layers using Darcy’ law. However, the effect
of ponding depth with the constant temperature gradient on fluid flux was not found
significant throughout all the four scenarios. Hence, the significant flux values with respect
to the changing pond depth can be used to explore the possible effects while changing the
different ponding depths. Similarly, fluid fluxes generated from varying temperature
gradient when ponding depth remained constant was also subjected to ANOVA Tukey-
Kramer HSD test at P < 0.05. The effect of changing temperature gradient when ponding
depth remained constant with different scenarios 1, 2, 3 and 4 was found not significantly
different to the fluid flux and can be seen in Table 4.21. Therefore, from the statistical
analysis it is evident that higher significance was found with the fluid fluxes by changing
the ponding depth, but not varying temperature gradient.
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Table 4.21: The significances of the ponding depth and temperature gradient on fluid flux

Scenario Layer Ponding Depth Significant levels  Mean Flux value (m/day) = Temperature Gradient  Significant levels  Mean Flux value (m/day)

10 Cc 12.47 2 A 12.99

11 c 12.67 4 A 13.03

P! 12 B 13.29 6 A 13.10
13 A 13.88 8 A 13.18

10 Cc 14.95 2 A 15.61

s1 S 11 B 15.54 4 A 15.74
12 A 16.24 6 A 15.85

13 A 16.36 8 A 15.90

10 D 17.95 2 A 18.67

11 C 18.55 4 A 18.76

MS 12 B 19.10 6 A 18.82
13 A 19.54 8 A 18.89

10 D 13.49 2 A 14.28

11 C 14.14 4 A 14.37

Fsil 12 B 14.66 6 A 14.47
13 A 15.32 8 A 14.48

10 D 11.79 2 A 12.24

- Es | 11 Cc 12.11 4 A 12.35
12 B 12.61 6 A 12.42

13 A 13.05 8 A 12.51

10 C 11.26 2 A 11.73

11 Cc 11.46 4 A 11.82

MS 12 B 12.12 6 A 11.90
13 A 12.60 8 A 12.00
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Scenario Layer Ponding Depth Significant levels  Mean Flux value (m/day) = Temperature Gradient  Significant levels  Mean Flux value (m/day)

10 D 11.60 2 A 11.85
MS 11 C 11.64 4 A 11.96
12 B 12.30 6 A 12.07
13 A 12.85 8 A 12.08
10 D 10.55 2 A 11.14
11 C 10.99 4 A 11.22
S3 FS1
12 B 11.58 6 A 11.33
13 A 12.00 8 A 11.44
10 D 11.66 2 A 12.17
sl 11 C 12.07 4 A 12.29
12 B 12.45 6 A 12.40
13 A 13.16 8 A 12.49
10 C 3.63 2 A 4.12
11 B 412 4 A 4.18
MS
12 A 4.48 6 A 4.23
13 A 4.57 8 A 4.28
10 D 3.15 2 A 3.46
11 C 3.41 4 A 3.55
S4 FS 11
12 B 3.67 6 A 3.59
13 A 3.99 8 A 3.61
10 C 2.75 2 A 3.13
11 B 3.14 4 A 3.25
FS1
12 B 3.29 6 A 3.25
13 A 3.73 8 A 3.27
*Note: Raw data was analyzed by the standard least squares fit model and compared by Tukey-Kramer HSD test and different letters (in each row) denote significantly different
effect (P < 0.05).
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4.7 VARIATION OF EFFECTIVE HYDRAULIC CONDUCTIVITY

In each scenario, Effective hydraulic conductivity (Kef) of stratified soils were
estimated using the concept of flow orthogonal to the plane of stratification (Appendix B)
using the estimated hydraulic conductivities of all the three layers. Kess of each case of all
the four scenarios were calculated and presented in this section.
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Figure 4.20: Normal distribution of Effective Hydraulic conductivity (Kett) values in (a)
Scenario 1(S1) (b) Scenario 2 (S2) (c) Scenario 3 (S3) (d) Scenario 4 (S4)

*Note: p indicates mean and o indicates standard deviation

In the past, many researchers presented the Gaussian distribution for hydraulic
conductivity, while other researchers presented with strong evidence of non-Gaussian
distribution of hydraulic conductivity. Whereas, the findings of Lu et al. [2002] revealed
that both the assumptions were correct depending on the heterogeneity structure
[Meerschaert et al., 2013]. In this study, it is observed that Kess of stratified soils followed
normal distribution or Gaussian distribution in all the scenarios (Figure 4.20). In Scenario
1 (consists of Fine Sand | (FS 1), Fine Sand 11 (FS II), Medium Sand (MS) at the top, middle
and bottom respectively), fluid fluxes are observed to be higher than other scenarios. The

reason for such behaviour is due to the placement of less permeable sand at top (Fine Sand
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1), moderately permeable sand (FS I1) in the middle layer, followed by highly permeable
sand (MS) at the bottom. Furthermore, these higher fluxes caused to obtain higher Kess
values than the other three scenarios, ranging between 4.61-4.81 m/day with a standard
deviation of 0.07 m/day (Figure 4.20(a)). In Scenario 2, as the fluxes obtained in the soil
layers are less in comparison with S1, the Kesr values are also observed to be less in S2 than
S1 (Figure 4.20(b)) with a range of 3.88-4.16 m/day (having a standard deviation of 0.08
m/day). The Kef values are observed to be much lesser in S3 and S4 with a range of 3.56-
3.89 m/day and 0.91-1.17 m/day respectively (Figure 20(c-d)). Table 4.22 shows calculated
Kere values of all the sixty-four experiments (Sixteen experiments in each scenario)
conducted in the sandbox. Whereas, Table 4.23 shows 10 percentile of Kett (Keff-10), 50
percentile of Kesr (Kefr-50) and 90 percentile of Kefr (Keff-90) Of the Kefr distribution of each
scenario considered. These three different percentile values of Kes in each scenario along
with riverbed width and thickness are utilized to calculate riverbed conductance which is
further utilized in groundwater modelling to assess river-aquifer exchange flux in chapter
5.

Table 4.22: Effective Hydraulic Conductivity (Kef) of stratified soil for different cases of four
different scenarios

Scenario Ketf Scenario Ketf Scenario Keff Scenario Kefr
1 (m/day) 2 (m/day) 3 (m/day) 4 (m/day)
S1-Al 4.61 S2-Al 3.88 S3-Al 3.56 S4-Al 0.91
S1-B1 4.64 S2-B1 3.94 S3-B1 3.60 S4-B1 0.96
S1-C1 4.66 S2-C1 3.96 S3-C1 3.63 S4-C1 0.96
S1-D1 4.67 S2-D1 3.97 S3-D1 3.67 S4-D1 0.97
S1-A2 4.69 S2-A2 3.92 S3-A2 3.64 S4-A2 1.01
S1-B2 4.72 S2-B2 3.92 S3-B2 3.66 S4-B2 1.05
S1-C2 4.76 S2-C2 3.93 S3-C2 3.70 S4-C2 1.06
S1-D2 4.75 S2-D2 3.94 S3-D2 3.72 S4-D2 1.06
S1-A3 4.76 S2-A3 3.98 S3-A3 3.73 S4-A3 1.08
S1-B3 4.79 S2-B3 4.01 S3-B3 3.75 S4-B3 1.08
S1-C3 4.81 S2-C3 4.05 S3-C3 3.79 S4-C3 1.10
S1-D3 4.83 S2-D3 4.09 S3-D3 3.81 S4-D3 1.13
S1-A4 4.80 S2-A4 4.06 S3-A4 3.82 S4-A4 1.14
S1-B4 4.81 S2-B4 4.09 S3-B4 3.87 S4-B4 1.16
S1-C4 4.84 S2-C4 4,12 S3-C4 3.89 S4-C4 1.16
S1-D4 4.86 S2-D4 4.16 S3-D4 3.89 S4-D4 1.17
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Table 4.23: 10, 50 and 90 percentile of Effective Hydraulic Conductivity (Keff) of stratified
soil for different cases of four different scenarios

Keff (m/da
PERCENTILE eff (m/day)
s1 S2 S3 sa4
10 462 3.83 3.55 093
50 474 399 3.75 1.05
90 4.86 415 3.95 1.17

To further analyze how the variables, ponding depth (D) and temperature gradients
(T) affects the Kes of stratified soils, three-dimensional responses are plotted (Figure 4.22).
The variation of Kefr against ponding depth and temperature gradient of scenario 1 are
presented in Figure 4.21(a). It showed that the variation of Kes is less (around 4.60 m/day)
at ponding depth of 10 cm and temperature gradient of 2°C and this similar response is seen
up to the gradient of 4°C (4.68 m/day), while the ponding depth remained constant. Further,
increase in temperature gradient by 2°C at constant ponding depth slightly increased the
Kefr values (around 4.76 m/day) and the similar response is seen at gradients 6 and 8°C
(4.76 and 4.79 m/day). At ponding depth of 11, 12 and 13 cm also, the increment in Kes
with an increment of temperature gradient is not significant or less variation. From these
observations, it can be noted that the influence of increase in temperature gradient on Ke

is less or not significant while the ponding depth remains constant.

When the temperature gradient remains constant (2°C), the Kesf values did not show
much variation for the increment of ponding depth from 10 to 13 cm (4.60-4.67 m/day). At
temperature gradient of 4°C also, there is not much variation in Ketf (4.68-4.75 m/day) with
increase in ponding depth. Similar observations are noted at 6 and 8°C with an increment
of 4.76-4.82 m/day and 4.79-4.86 m/day as the ponding depth increased from 10 to 13 cm.
With these observations, it can be noted that the effect of increasing ponding depth on Kesf
is not significant or less while the temperature gradient remains constant. This analysis
reveals that increase or change in ponding depth or temperature gradient has not much
significant influence on Kesr. Although, there is not much influence of both the variables,
the influence of temperature on Kesf is more over the influence of ponding depth. Also, as
shown in the three-dimensional plot, the Kes value is more effected at higher ponding
depths (PD) and temperature gradients (TG) and this nature can be seen in all other
scenarios (Figures (4.21(c-d)).
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Figure 4.21: Three-dimensional plot between ponding depth (PD), Temperature gradient
(TG) and Effective Hydraulic conductivity (Kesf) in (a) Scenario 1 (S1) (b) Scenario 2 (S2) (c)
Scenario 3 (S3) (d) Scenario 4 (S4)
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The calculated Kefr values in each scenario were used to obtain the empirical equation with

polynomial 1% order function and its generalized form is given below as
Kefs =ax+by+c (4.12)

Table 4.24 shows the empirical equation coefficients (a, b and c) obtained in each

scenario along with R-square, RMSE and SSE.

Table 4.24: Empirical equations of Kest for Scenario 1, 2, 3 and 4

Scenario  Type of fitand order R-Square RMSE SSE a b c
1 Polynomial 1% order 0.95 0.016 0.003 0.0224 0.0307 4.337
2 Polynomial 1% order 0.83 0.033 0.014 0.0263 0.0305 3.545
3 Polynomial 1% order 0.98 0.013 0.002 0.0301 0.0417 3.177
4 Polynomial 1% order 0.96 0.015 0.003 0.0144 0.0337 0.727

4.8 CONCLUSIONS

In the present study, heat was used as a natural tracer to estimate the fluid flux and
riverbed hydraulic conductivity through the sediment-water interface based on laboratory
experiments conducted in the sandbox. In order to understand the variation in fluid flux and
hydraulic conductivity for different conditions, a series of experiments were conducted
with four different scenarios (soil combinations, temperature gradients (gradient between
hot water and normal water) and ponding depths. The conclusions from this chapter are
listed as following:

Vertical thermal profiles were measured in soil column for different conditions
(changing soil combination, varying ponding depth and temperature gradient) to estimate
the fluid flux in different soil layers using four different analytical solutions i.e. Keery and
Hatch Amplitude Ratio (AR) and Phase Difference (PD). Among these four methods, fluid
fluxes estimated using Keery Amplitude Ratio method were observed to have good
agreement with measured seepage velocity. The observed pattern could be due to the lack
of consideration of dispersion term in Keery analytical method and violating the one-

dimensional assumption.

Inter comparisons of four different scenarios showed that fluid fluxes were observed
to be more in Scenario 1 (Fine Sand I at top, Fine Sand Il at middle and Medium Sand at

bottom layers) than other three scenarios. It is resulted due to the placing of highly
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permeable media at bottom, moderately permeable soils at middle and less permeable

media at top positions.

The influence of ponding depth and temperature gradient on fluid flux were
analyzed using ANOVA (TukeyKramer HSD test at P < 0.05) by considering different
cases i.e. varying temperature gradient while ponding depth remained constant and in other
case, temperature was constant against varying ponding depth. This analysis revealed that
ponding depth had a significant influence on fluid flux over temperature gradient in all the

four scenarios considered.

Effective Hydraulic Conductivities (Kefr) calculated using hydraulic conductivities
(estimated from the fluid fluxes) of different soil layers in all the four scenarios followed
Gaussian distribution and the influence of ponding depth and temperature gradient on Keg
was observed to be not significant. However, the influence of temperature gradient was
noted to be more over ponding depth. Furthermore, these Kess values can be used in
groundwater flow modelling of Kosi river basin to calculate riverbed conductance as the

Kosi riverbed consists of similar type of sands those are used in the experimental study.
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S

ASSESSMENT OF RIVER-AQUIFER
INTERACTIONS

5.1 INTRODUCTION

River-aquifer interaction is a critical hydrological process and its investigation
needs to be conducted at river reach scale [Winter et al., 1998]. Due to differences in total
head of river water and groundwater, either a river loses water to a shallow aquifer
(influent) or gains water from a shallow aquifer (effluent). This nature of losing or gaining
may change over time and space with temporal changes of river stage and groundwater
levels [Engeler et al., 2011]. The distribution of hydraulic head between river and aquifer
as well as the distribution of hydraulic conductivity of the riverbed are the major factors
that influence the river-aquifer exchange flux [Doppler et al., 2007]. In most of the basin
systems, majority of the base flow during lean season comes from the groundwater flow
through hyporheic zone although the water from lakes or glaciers contribute to base flows
in some basin systems [Olsen and Young, 2009]. Understanding and quantifying the river-
aquifer exchange flux is essential for effective groundwater management [Sophocleous,
2002].

Many researchers have recently focused on assessment of river-aquifer interaction
at different spatial and temporal scales [Workman et al., 1997; Eikenberg et al., 2001,
Miller et al., 2003; Rushton, 2007; Derx et al., 2010; Chitsazan et al. 2014; Bailey et al.,
2016; Tang et al., 2017; Vrzel et al. 2018; Sahoo and Sahoo 2019]. New methodologies

and approaches for understanding and quantification of river-aquifer exchange have been
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practicing around the globe [Ward et al., 2013; McCallum et al., 2014; Rahman et al., 2016;
Epting et al., 2018; Wen et al., 2019]. Water balancing method [Krause et al., 2007]; tracer
test [Martinez et al., 2015; Xu et al., 2017], measuring streambed temperature profiles
[Anibas et al., 2016; Essaid and Caldwell, 2017] and use of seepage meters [Brodie et al.,
2009] are some of the field techniques. Whereas, numerical modelling approaches have
been employed to quantify river-aquifer exchange flux at larger scales [Werner et al., 2006;
Rushton, 2007; Sanz et al., 2011; Bailey et al., 2016; Kumar and Nagaraj, 2018]. The most
commonly used numerical model to simulate surface water—groundwater interactions is
MODFLOW [McDonald and Harbaugh, 1988; Barlow and Harbaugh, 2006; Furman,
2008]. In order to quantify these interactions, groundwater models need accurate inputs
(recharge and evapotranspiration) and parameters (conductance, thickness and width of
riverbed) [Brunner et al., 2017].

In this chapter, the study has focused on use of high-resolution remote sensing
inputs (evapotranspiration) and surface water hydrological model inputs (recharge) along
with riverbed parameters (riverbed hydraulic conductivity, width and thickness) to develop
groundwater model for quantifying sptaio-temporal river-aquifer interaction exchange

fluxes along the Kosi river, India.

5.2 STUDY AREA

In the present study, assessment of river-aquifer interactions was carried out in plain
parts of the Kosi river basin using sub-surface hydrological flow model. Figure 5.1 shows
the study area map of Kosi river basin, consist of seven sub-basins namely S-11, S-12, S-
13, S-14, S-15, S-16 and S-17. Based on topography, these sub-basins were generated in
the watershed delineation process of surface water hydrological modelling using SWAT.
In the basin, the river has a length of 240 km reach from upstream (Kosi barrage) to
downstream (conferencing point with the Ganga river) locations. Two observation well
stations, Supaul and Jaynagar, located in sub-basins S-15 and S-12 were used to calibrate
and validate the groundwater model. Furthermore, the details of the study area can be seen

in the previous section (3.1).
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Figure 5.1: (a) Location of study area (b) Sub-basin map along with Kosi river reach and

53

observed groundwater well stations

DATA USED

The assessment of river-aquifer interaction exchange flux was carried out using a

transient sub-surface hydrological flow model (MODFLOW). In order to model the

groundwater flow, MODFLOW needs the data such as topography, soil characteristics,

aquifer characteristics, inflows and outflows into the groundwater system. Also, historical

groundwater levels are required to calibrate and validate the flow model. The following

data (obtained from various sources) were used in the study.

a)

b)

d)

Digital Elevation Model: USGS, SRTM (Shuttle Radar Topography Mission)
(90m spatial resolution).

Aquifer Characteristics: Aquifer characteristics such as hydraulic conductivity,
specific storage, specific yield, and porosity have been obtained from Central
Groundwater Board (CGWB), Patna and also from the past literature [Heath, 1983
and Ferris et al. 1962].

Soil Characteristics: Soil types in the study area have been obtained from Fence

diagram map prepared by CGWB, Patna.

Groundwater Recharge: Monthly groundwater recharge estimated using the
SWAT model and SWB method at the sub-basin scale (discussed in previous

section 3.8).

Evapotranspiration Estimates: Evapotranspiration gridded data obtained from
NOAA satellite data (8 km x8 km) during 1996-2000 and MODIS Satellite data (1
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km x1 km) during 2000-2010 were used to construct the model [Bhattacharya et al.
2010; Mallick et al. 2007]

f) Historical Groundwater Level Information: Historical groundwater levels for
four different periods i.e. pre-monsoon Rabi (January), pre-monsoon (April/May),
monsoon (August) and post-monsoon Kharif (November) for the period 1996 to
2010 have Dbeen obtained from CGWB, Patna (http://www.india-
wris.nrsc.gov.in/GWLevel App.htmI?UType=R2VuZXJhbA==?UName=).

g) Riverbed Conductance: Riverbed conductance was calculated using the effective
hydraulic conductivity of riverbed material (estimated using sandbox experiments),
river bed width (mapped from google earth satellite images) and river bed thickness
of 2m obtained from Sinha et al. [2019].

h) River Stage: River stage at Kosi barrage (upstream) and Baltara gauging station

(downstream) were obtained from Central Water Commission (CWC), Patna.
54 METHODOLOGY

In the present study, the transient sub-surface hydrological modelling was carried
out in Kosi river sub-basin with GMS-MODFLOW, version 10.2 (Modular Three-
Dimensional Finite-Difference Ground-Water Flow Model) using available aquifer
characteristics and other external stresses to predict spatio-temporal variations in
groundwater levels and river-aquifer interaction exchange flux. For this purpose, two
different cases were considered in sub-surface hydrological modelling. In the first case
(case 1), groundwater flow modelling was carried out with the estimated recharge (using
the SWAT model), satellite-based evapotranspiration data, aquifer parameters, initial and
boundary conditions. Whereas in the second case (case Il), groundwater flow modelling
was carried out with estimated recharge (using SWB method), satellite-based
evapotranspiration data and other inputs (utilized in case 1) remain unchanged. The
transient model was calibrated and validated with observed groundwater heads for
obtaining seasonal as well as groundwater level variations. MODFLOW-RIV (River)
package was used to quantify river-aquifer exchange fluxes in the basin. Figure 5.2 shows

the methodology adopted for studying river-aquifer interaction in the Kosi river basin.
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Figure 5.2: Methodology for studying river-aquifer interaction of the Kosi River with
different input dataset

In order to quantify the exchange flux accurately, MODFLOW River package
requires riverbed conductance values along the river reach. Estimation of this riverbed
conductivity plays a vital role in the assessment of river-aquifer exchange flux [Boano et
al., 2014] and chapter 4 (laboratory-based sandbox experimental study) focused on the
estimation of Effective Hydraulic Conductivity (Keff) of the riverbed. These Kesr values
were utilized along with riverbed width and riverbed thickness to calculate riverbed
conductance for four different scenarios (Scenario 1 (S1), Scenario 2 (S2), Scenario 3 (S3)
and Scenario 4 (S4)) discussed in the previous section (4.14). Table 4.22 (section 4.4)
provides the distribution of Kess values in each scenario. Those distributions i.e. 10
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percentile of Kefr (Kefr-10), 50 percentile of Kes (Keft.s0) and 90 percentile of (Ket.o0) were
used to calculate riverbed conductance for each scenario (i.e. three Kess values were used to
obtain three riverbed conductivities for each scenario). In both the cases of groundwater
flow modelling, the simulations were carried out by incorporating these calculated riverbed

conductance values of each scenario.

5.5 SUB-SURFACE HYDROLOGICAL MODELLING USING MODFLOW

MODLFOW is a three-dimensional finite-difference groundwater model. It was
first developed in 1984. The model has a modular structure that allows it to be easily
adjusted to adapt the code for a particular application. MODLFOW 2005 [Halford and
Hanson, 2002; Harbaugh, 2005] simulates the steady and unsteady (transient) flow in
irregularly shaped aquifer flow system. The aquifer may be of type confined, unconfined
or combination of both. In this model, flow from external stresses such as areal recharge,
evapotranspiration, flow to wells, flow to drains, flow through river beds can also be
simulated. Boundary conditions can be applied using the specified head and specified flux
boundary conditions [McDonald, 1994].

There are two approaches in MODFLOW to construct a model. One is grid
approach and another one is conceptual approach. In the grid approach, the cell by cell
basis calculations are made for 3D grids, sources/sinks and other model parameters.
Whereas, the conceptual approach involves using the GIS tools in the Map module to
construct the conceptual model. Sources/Sinks and other all parameters can be defined at
the conceptual model. After specifying the grid size, all the parameters can be converted
to grid model automatically by cell by cell basis. In this present study, groundwater flow
modelling is being carried out to obtain groundwater level variations using GMS
MODFLOW (10.2 version) with conceptual modelling approach.

5.5.1 Governing Equations used in MODFLOW

The governing flow equation to obtain simulated groundwater levels at each time
step and the equation used in MODFLOW RIV package to obtain river-aquifer exchange
flux are presented in the following section [McDonald and Harbaugh, 1988].
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5.5.1.1 Groundwater Flow Equation

The partial-differential equation of three-dimensional movement of groundwater flow of
constant density through porous earth material can be described as (by considering water

IS incompressible)

0 Gh 8h

where,

Ky K,y K, are the hydraulic conductivities along the x, y, z coordinate axes (L/T),

respectively
h is the potentiometric head (L),

W is the volumetric flux per unit volume representing sources and or sinks of water (T2),
S, is the specific storage of the porous material (L),
t is the time (T).

In case of homogeneous aquifer, the equation 5.1 is simplified as

2 2 2
Kxxa?+KWa?+Knah W= Sa—h (5.2)
OX oy oz’ ot

In case of homogeneous isotopic aquifer,

Kxx:Kyy:Kzz:K (5'3)
hence,
2 2 2
K82+K82+Kah W= Sa—h 5.4)
OX oy 0z* * ot

For steady-state model, Z—T =0

Hence, in the case of steady-state, groundwater flow equation for homogeneous

isotropic aquifer is given by,
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2 2 2
Ka2+Ka2+K6?+
OX oy 0z

W =0 (5.5)

5.5.1.2 Flow between River and Groundwater

River may gain or loss water from the adjacent aquifer through riverbed depending
on the head gradient between river and groundwater system. The rive-aquifer exchange
flux rate can be quantified using MODFLOW RIV package using the following equation.

QRIV,, =CRIV,;, (HRIV,;, -h,)) (5.6)

Knb L annb

CRIV,, = (5.7)

where,

QRIVnyp is the flow between river and aquifer (L3/T),

CRIVnp is the hydraulic conductance of the river-aquifer interaction (L2T2),
HRIVnp is the water level in the river (L),

hn is the head at the node in the cell underlying the river reach (L),

Knb is the hydraulic conductivity of the riverbed material,

Lno is the length of conductance block (L),

Wiy is the width of the river (L),

bno is the length of flow or thickness of riverbed (L) and

nb indicates boundary condition which is connected to cell n

5.6 GROUNDWATER FLOW MODELLING FOR KOSI RIVER BASIN

In order to assess the groundwater levels and river-aquifer exchange flux in Kosi
river basin, a conceptual model was developed for the time period 1996-2010 using
MODFLOW module of Groundwater Modelling Software (GMS- version 10.2). The
modelling was carried out using the estimated recharge (discussed in chapter 3), observed
evapotranspiration data, soil and aquifer characteristics data along with the calculated river
bed conductance (discussed in chapter 4). The boundary conditions, initial conditions and
all the information used in the model are explained below.

¢ Boundary Conditions: Specified head boundary condition (Dirichlet or first-type

boundary conditions) was used along all sides of the boundary
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e Initial Heads or Starting Heads: For constructing the groundwater flow model,
initial or starting heads are required. For this purpose, observed averaged historical
groundwater levels in the study area were used to start the model.

e Aquifer Top Elevations: SRTM 90 x 90 m gridded digital elevation model was
used to obtain top elevations in the study area.

As a part of the conceptual model building process, a solid model (the stratigraphy at

a site was modelled as a set of solids) was generated using borehole cross-section and
topography data in which aquifer properties such as porosity, specific storage and
hydraulic conductivities of different layers incorporated. This solid model was later
utilized in the conceptual framework to read elevation and aquifer characteristics data

through GIS environment.
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Figure 5.3: (a) Borehole cross-section (b) Fence diagram of the study area
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Figure 5.3 shows the borehole cross-sections and fence diagram (lithology or soil
stratification map) of the study area constructed using borehole data provided by CGWB,
Patna. Detailed information of the fence diagram of the study area can be seen in Figure
C.1 (Appendix C). The lithology map shows the study area consist of three different soils
such as Clay, Fine to medium sands and Sands with pebble or boulder of varying depths.

In order to obtain the monthly groundwater level variations and river-aquifer
exchange fluxes at the sub-basin scale, a transient groundwater flow modelling was
considered and carried out using the conceptual approach from 1996 to 2010. For this
purpose, the basin domain was discretized into 100 rows in latitude direction and 100
columns in longitudinal direction with a grid size of 2132 x 1907 km with three vertical
layers in Z direction. Prior to transient flow modelling, a steady-state modelling was
considered during the first month of simulation atl0 daily time step. The developed
conceptual model was calibrated and validated at two observed well locations Supaul and

Jaynagar located in the districts of Supaul and Madhubani in Bihar state.

5.7 RESULTS AND DISCUSSION

Transient groundwater modelling was carried out in the plain parts of the Kosi river basin
for the time period 1996-2010 to simulate monthly spatio-temporal groundwater head
variations and river-aquifer interactions at sub-basin scale. Two different cases were
considered for sub-surface hydrological modelling purpose i.e. groundwater flow
modelling with recharge estimated using SWAT modelling (case I) and SWB method (case
I) along with satellite-based evapotranspiration data, soil characteristics, aquifer
parameters, river bed properties, initial and boundary conditions. For both the cases, the
model was calibrated during 1997-2003 and validated during 2004-2010 at two well
stations, Supaul and Jaynagar. These stations, Supaul and Jaynagar falls under sub-basins
15 (S-15) and 12 (S-12) respectively. The analysis of non-parametric SPI index (section
3.4) revealed that wet and dry years in the study period (1996-2010) were observed to be
2001 and 2005 in S-15 whereas 2007 and 2005 were observed to be wet and dry years in
S-12. However, 1999 and 2005 were observed to be the wettest and driest years for the
whole basin during the study period. Also, it was noted that 2005 onwards dry cycle was
continued up to 2010. This information was used to compare the influence of wet and dry
years on the results of groundwater modelling in both the cases.

138
TH-2518_136104028



RIVER-AQUIFER INTERACTION

5.7.1 Groundwater Flow Modelling with SWAT Model Recharge

The monthly sub-basin scale recharge obtained using SWAT model was used in the
groundwater flow model along with satellite-based evapotranspiration data, aquifer
characteristics, soil characteristics, initial and boundary conditions to predict spatio-

temporal variations of groundwater levels and river-aquifer exchange flux.

5.7.1.1 Model Calibration and Validation at Supaul Well Station

(a) Calibration

Figure 5.4(a) shows the groundwater hydrograph variations between observed and
simulated data at Supaul well station during the calibration period (1997-2003). In this
period, i.e. during pre-monsoon Rabi season (January), the simulated groundwater levels
varied between the ranges of 48.72-49.29 m whereas, the observed groundwater levels are
noted to be in the range of 48.38-48.94 m that point toward the over-prediction of simulated
groundwater levels from that of observed groundwater levels. During the pre-monsoon
period (April) the simulated groundwater levels varied in the range of 48.48-48.73 m while
the observed groundwater levels varied in the range of 48.05-48.50 m, also indicates the
over-prediction of simulated groundwater levels. Similar observations are drawn during
monsoon (August) and post-monsoon Kharif (November) seasons. The simulated
groundwater levels in the months of August and November varied in the ranges of 49.83-
51.45 m and 48.91-49.80 m whereas, observed groundwater levels varied in the range of
49.25-50.09 m and 48.68-49.28 m, respectively. It can be noted that irrespective of a
season, the simulated values are observed to be over-predicted than that of the observed
values. However, at a very few months (for example, in November, 2002) the simulated
groundwater levels are observed to be under-predicted from that of observed groundwater
levels. Figure 5.4(c) shows the scatter plot between observed and simulated groundwater
levels during the calibration period. It is observed that the model can able to predict the
groundwater levels during post-monsoon Kharif and pre-monsoon Rabi seasons. The
coefficient of determination (R?), Nash-Sutcliffe efficiency (NSE) root mean square error
(RMSE) between observed and simulated groundwater levels are noted to be 0.71, 0.33,
and 0.61 m respectively during the calibration period. In case I, hydraulic conductivity of
0.0004- 40 m/day and specific yield of 0.02-0.27 are found be the most sensitive calibration

parameters
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Observed Groundwater Level (m)

48
well station during (a) calibration period (b) validation period; scatter plot between

Figure 5.4: Observed and simulated groundwater level hydrograph variations at Supaul
observed and simulated groundwater levels during (c) calibration period (d) validation
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(b) Validation

The groundwater hydrograph variation between observed and simulated data during
the validation period (1997-2003) at Supaul well station is shown in Figure 5.4(b).

It can be noted that during pre-monsoon Rabi season (January), the simulated
groundwater levels varied between the ranges of 48.19-49.24 m whereas, the observed
groundwater levels varied in the range of 48.30-48.90 m. However, the simulated
groundwater levels are found to be over-predicted than that of observed groundwater levels
in few years. During pre-monsoon (April), the observed groundwater levels are observed
to be varied in the range of 48.19-48.69 m whereas, simulated groundwater levels varied in
the range of 47.85-48.55 m which indicates that the over-prediction of simulated
groundwater levels than that of observed groundwater levels. The similar behavior can be
observed during monsoon (August) and post-monsoon (November) seasons. The simulated
groundwater levels varied between the ranges of 49.34-50.17 m and 48.71-49.15 m in
August and November months whereas, observed groundwater levels remain in the range
of 48.70-49.51 m and 48.60-48.90 m respectively. Similar to the calibration period, the
simulated values in the validation period are found to be over-predicted than that of
observed values irrespective of a season. Also, the scatter plot between observed and
simulated groundwater levels (Figure 5.4(d)) indicates that the model predictions are not
well captured by the model during validation period and R?, NSE and RMSE between
observed and simulated groundwater levels remain to be 0.67, 0.28, and 0.42 m
respectively.

5.7.1.2 Model Calibration and Validation at Jaynagar Well Station

(a) Calibration

The model was also calibrated and validated at Jaynagar well station and the
comparative plots are shown in Figure 5.5. The groundwater hydrograph variations
between observed and simulated data of the calibration period (1997-2003) are shown in
Figure 5.5(a). During pre-monsoon Rabi season (January), the simulated groundwater
levels varied between the ranges of 64.14-64.93 m while, the observed groundwater levels
varied in the range of 63.57-64.93 m. This difference indicates the over-prediction of
simulated results from the observed groundwater levels. However, during the pre-monsoon
period (April), the simulated groundwater levels varied between 63.54-64.26 m and the
observed groundwater levels varied in the range of 63.56-65.22 m. It is to be noted that the
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simulated results over-predict the observed ones during April except in few years. During
the monsoon (August) and post-monsoon Kharif (November) seasons, a similar
observation can be seen. It is found that in the month of August and November, the
simulated groundwater levels varied in the ranges of 64.77-66.58 m and 64.26-65.39 m
whereas, observed groundwater levels vary in the range of 63.87-67.04 m and 64.12-65.35
m respectively. It can be noted that similar to the observations at Supaul well station, the
simulated values at Jaynagar station are found to be over-predicted than observed values
irrespective of season. However, in some months (for example April month) the simulated
groundwater levels are found to under-predict the observed groundwater levels. Scatter plot
between observed and simulated groundwater levels during calibration period (Figure
5.5(c)) indicates better model performance in comparison with the results at Supaul well
station with R? of 0.71, NSE of 0.56, and RMSE of 0.45 m respectively.

(b) Validation

Figure 5.5(b) shows the groundwater hydrograph variation between observed and
simulated data during the validation period (1997-2003) at Jaynagar well station. During
pre-monsoon Rabi season (January), the simulated groundwater levels varied in the range
of 63.84-65.13 m whereas, the observed groundwater levels are noted to vary in the range
of 63.59-65.53 m. However, the simulated groundwater levels closely matched the
observed groundwater levels except in few years. During pre-monsoon (April), the
simulated groundwater levels varied in the range of 62.87-64.31 m whereas, observed
groundwater levels varied in the range of 62.92-64.62 m which also indicated close match
with observed groundwater levels except in few years. Whereas, during monsoon (August),
the simulated groundwater levels are found to vary between the ranges of 65.17-66.81 m
while the observed groundwater levels varied between 64.51-66.17 m which indicates that
over-prediction of simulated results. Similar to the observations found in pre-monsoon, the
simulated groundwater levels (ranging between 64.45-66.04 m) are noted to have a close
match with observed groundwater levels (ranging between 64.30-65.15 m) during post-
monsoon Kharif (November) except in few years. Figure 5.4(d) shows the scatter plot of
observed and simulated groundwater levels. It indicates the model performance in the
validation period is similar to the calibration period, having R? of 0.69, NSE of 0.67 and
RMSE of 0.51m. Overall, the simulated results of the groundwater flow model in Figure
5.3 and 5.4 indicates the simulated groundwater levels in case | are observed to be over-
predicted than the observed groundwater levels except at few time periods.
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validation period.

(*Note: Simulated groundwater levels were obtained using SWAT recharge; calibration period: 1997-2003;

validation pe

riod 2004-2010)

Section 3.10 of chapter 3 revealed that the recharge obtained using SWAT model

was observed to be over-predicted due to the underprediction of actual Evapotranspiration

(AET) and the model was not able to capture the effects of wet and dry years during the

study period. As the observed monthly groundwater recharge values were not available for
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the study area at the sub-basin scale, the validation of groundwater recharge was not
included at that point of discussion. The validation of these observations is attempted by

incorporating the over-predicted recharge into the groundwater flow model in case I.

At Supaul station, it is observed that the simulated groundwater levels (varied in the
range of 48.72 - 49.96 m) are found to be over-predicted slightly than that of observed
groundwater levels (varied in the range of 48.32 - 50.08 m) during extremely wet year
(2001) (Figure 5.4(a)). Also, during the extremely dry year (2005), the simulated
groundwater levels (varied in the range of 48.18 - 50.08 m) are noted be over-predicted
than that of the observed groundwater levels (varied in the range of 47.85 - 49.40 m) (Figure
5.4(b)). The comparison of simulated and observed values indicates the model is not able
to capture the effects of wet and dry years. Similarly at Jaynagar station, the simulated
groundwater levels (varied in the range of 64.10 - 66.12 m) are found to be slightly over-
predicted than that of observed groundwater levels (varied in the range of 64.21 - 66.17 m)
during extremely wet year (2007) (Figure 5.5(a)) Whereas, during extremely dry year
(2005), the simulated groundwater levels (varied in the range of 64.01 - 65.81 m) are also
found to be over-predicted than that of the observed groundwater levels (varied in the range
of 63.76 - 65.67 m) during extremely dry year (2005) (Figure 5.5(b)). The comparison of
simulated and observed values at Jaynagar also indicates the model is not able to capture
the effects of wet and dry years. Overall, during calibration and validation period, the
performance of the model (in case 1) is found to be over-predicted (Figures 5.4 and 5.5)

which indirectly reconfirms that the over-prediction of recharge by the SWAT model.

5.7.2 Groundwater Flow Modelling with SWB Method Recharge

In case Il of groundwater flow modelling, the recharge obtained using SWB method
was used to model the groundwater flow along with other inputs, parameters and initial
boundary conditions to predict spatio-temporal variations of groundwater levels and river-
aquifer exchange flux. Similar to case I, the model was calibrated and validated for the
same time periods at the same well stations, Supaul and Jaynagar to compare both the cases.

5.7.2.1 Model Calibration and Validation at Supaul Well Station
(a) Calibration

During the calibration period (1997-2003), the groundwater hydrograph variations

between observed and simulated data at Supaul well station are shown in Figure 5.6(a). It
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is found that during pre-monsoon Rabi season (January), the simulated groundwater levels
varied between the ranges of 48.39-49.19 m while the observed groundwater levels varied
in the range of 48.38-48.94 m and showed that close match between simulated and observed
values. During the pre-monsoon period (April), the simulated groundwater levels are
observed to vary between 47.85-48.63 m while the observed groundwater levels varied in
the range of 48.05-48.50 m. It’s also shown that the simulated values are in good agreement
with observed values. During the monsoon season (August), the simulated results varied in
the range of 49.57-51.07 m while the observed values varied in the range of 49.25-50.09
m, indicates good agreement between simulated and observed values except in few years.
Similar to the observations found in the monsoon period, the simulated groundwater levels
(ranged between 48.83-49.42 m) during post-monsoon Kharif (November) are found to
have a close match with observed groundwater levels (ranged between 48.68-49.28 m).
Scatter plot (Figure 5.6(c)) shows the model predictions are found to have good agreement
with observed groundwater levels during calibration period with R? of 0.83, NSE of 0.74
and RMSE of 0.38 m. Similar to case I, also hydraulic conductivity (0.0002-21 m/day) and
specific yield (0.03-0.28) are found be most sensitive calibration parameters in case I1.

(b) Validation

Figure 5.6(b) shows the groundwater hydrograph variations between observed and
simulated data during the validation period (1997-2003) at Supaul station. During pre-
monsoon Rabi season (January), the simulated groundwater levels varied in the ranges of
48.23-49.05 m whereas, the observed groundwater levels varied in the range of 48.30-48.90
m, indicates the close match between simulated and observed groundwater levels. In April
(during pre-monsoon), the simulated groundwater levels are found to vary in the range of
47.86-48.62 m while the observed groundwater levels varied in the range of 47.85-48.55
m. This closeness again indicates good agreement between observed and simulated
groundwater levels. The similar behaviour can be noted during monsoon (August) and post-
monsoon (November) seasons. The simulated groundwater levels varied between the

ranges of 49.06-49.72 m and 48.47-49.11 m in August and November months whereas,

145
TH-2518_136104028



RIVER-AQUIFER INTERACTION

< Obzerved Ground Water Level (m)

-<%-- Simulated GCroundwater Level (m)

’g g1 4 (a) . X
3 n i
5 s0q e S ?‘“’?sg
- | :;{35{ i
] = 5&( i o+ i oy :
EOT N L F se gl oy [ Sy i
= P M ";{‘,}g-é( +
g 48 4 )Si ¥
4? T L] ¥ T L} L] T T L] ¥ T T L] ¥ T T L] T T J L] T T L] ¥ T T
'-;-uﬂ,ga'-a-uﬂ,gﬁ'-a-ﬂgﬁﬁ-ﬂeﬂﬁ'—a-ﬂgﬁ'—a-ﬂgﬁﬁ-ﬂgﬁ
= 50
= () = w5 %
'E #&x - B :rox.. x ﬁ IR
% . * [ ] 5{ }g
S 49 ;e s o ¥ ;%N P % S
£ 1 ke ¥ ° X8 of Fe T %% R
= ' ' ] l);': -+ rI !
,_E ;' ¥ % i § JF i )ng-
E 9 / : LT ¢
* e *
S
47 ———— T 77—
= = = = WL WL WL W oW N N N M- - - T O 0 00 0R Sh Sh Oh S Do o o D
S ssSeESEgSESELeESESsESESsEsEE T2
= b H H b= H b= i ] b= e
EEEE552 5555552555253 52335525
Month
g 51{® 71 @ . /
= - -
= E0.5 - - - -
L 9.2 ./
= 50 - - e
i - '
E o495 - . Pas . 5 ] vl
E L . ' e ®
B 49 - . 70t ™ 4N -
C . RI-0.83 g R1-0.79
g 48.5 - L e . NSE - 0.74 48.2 1 . NSE - 0.78
,g 48 47 . RMSE - 0.38 . '. . RMZSE - 0.26
ZE 47.5 T r 47.7 T T T
48 49 50 47.8 48.3 48.8 49.3

Obzerved Groundwa ter Level(m)

Obzerved Groundwa ter Level (m)

Figure 5.6: Observed and simulated groundwater level hydrograph variations at Supaul
well station during (a) calibration period (b) validation period; scatter plot between
observed and simulated groundwater levels during (c) calibration period (d) validation
period.

(*Note: Simulated groundwater levels were obtained using SWB recharge; calibration period: 1997-2003;
validation period 2004-2010)

observed groundwater levels varied in the range of 48.70-49.51 m and 48.60-48.90 m
respectively. The simulated values in the validation period are also found to have good
agreement with observed values irrespective of season similar to the calibration period.

Figure 5.6(d) shows scatter plot of observed and simulated groundwater levels, indicates
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the predictions are well captured by the model during validation period having R? of 0.79,
NSE of 0.78 and RMSE of 0.26 m. Overall, the groundwater levels simulated in case 1 are
noted to be over-predicted except in few time periods whereas, the groundwater levels
predicted in case 2, are found to have good agreement with observed groundwater levels at

Supaul station.

5.7.2.2 Model Calibration and Validation at Jaynagar Well Station
(a) Calibration

Similar to case I, the groundwater model was also calibrated and validated at
Jaynagar well station. Figure 5.7 shows the comparative plots of groundwater hydrographs
during calibration and validation periods. During the calibration period (1997-2003), the
groundwater level variations of observed and simulated values are shown in Figure 5.7(a).
It is observed that during pre-monsoon Rabi season (January), the simulated groundwater
levels varied between the ranges of 63.87-65.24 m whereas, the observed groundwater
levels are noted to vary in the range of 63.57-64.93 m, indicates that the simulated
groundwater levels are found to have good agreement with observed values. Similar
behaviour is noticed during pre-monsoon, monsoon and post-monsoon Kharif seasons. The
simulated groundwater levels varied between 63.85-64.79 m, 64.68-67.16 m and 64.48-
65.40 m whereas, the observed groundwater levels varied in the range of 63.56-65.22 m,
63.87-67.04 m and 64.12-65.35 m in the months of April, August and November
respectively. Similar to the observations at Supaul well station, the simulated values at
Jaynagar station are found to have a close match with observed values irrespective of
season. However, in few months (for example April month) the simulated groundwater
levels are noted to be under-predicted than that of observed groundwater levels. Figure
5.7(c) shows the scatter plot of observed and simulated groundwater levels during the
calibration period, indicates better model performance with R? of 0.80, NSE of 0.74, and
RMSE of 0.39 m.

(b) Validation

The groundwater hydrograph variations between observed and simulated data
during the validation period (1997-2003) at Jaynagar well station are shown in Figure
5.7(b). During pre-monsoon Rabi season (January), the simulated groundwater levels

varied in the range of 64.09-65.08 m whereas, the observed groundwater levels are noted
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Figure 5.7: Observed and simulated groundwater level hydrograph variations at
Jaynagar well station during (a) calibration period (b) validation period; scatter plot
between observed and simulated groundwater levels during (c) calibration period (d)
validation period.

(*Note: Simulated groundwater levels were obtained using SWB recharge; calibration period: 1997-2003;
validation period 2004-2010)

to vary in the range of 63.59-65.53 m, indicates that the simulated groundwater levels are
close match to the observed groundwater levels except at few years. Similar observations
can be drawn during pre-monsoon (April), monsoon (August) and Post-monsoon Kharif
(November). The simulated groundwater levels varied in the range of 63.49-64.34 m,
64.38-67.32, 64.30-65.64 m whereas the observed groundwater levels varied in the range
of 62.92-64.62 m, 64.51-66.17 m and 64.30-65.15 m in April, August and November
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months, respectively. Scatter plot (Figure 5.7(d)) of observed and simulated groundwater
levels indicates the model performance in the validation period is similar to the
performance in the calibration period, having R? of 0.77, NSE of 0.73 and RMSE of 0.39
m. Overall, the simulated results of the groundwater flow model showed in Figure 5.6 and
5.7 indicates that the simulated groundwater levels are found to have a good agreement

with the observed groundwater levels except at few time periods.

Section 3.10 of chapter 3 revealed that the recharge obtained using SWB model was
observed to be well predicted and also able to capture the effects of wet and dry years
during the study period. As the observed monthly groundwater recharge was not available
for the study area at the sub-basin scale, the validation of recharge was not included at that
point of discussion. The validation of these observations is attempted by incorporating the

recharge (estimated using SWB method) into the groundwater flow model in case I1.

The simulated groundwater levels (varied in the range of 48.19 — 51.07 m) at Supaul
station are noted to be in good agreement with observed groundwater levels (varied in the
range of 48.32 - 50.08 m) during the extremely wet year (2001) except at few values (Figure
5.6(a)). Similarly, during the extremely dry year (2005), the simulated groundwater levels
(varied in the range of 47.63- 49.63 m) are found be in good agreement with the observed
groundwater levels (varied in the range of 47.85 - 49.40 m) (Figure 5.6(b)). These
comparisons of simulated and observed values indicate that the model can able to capture
the effects of wet and dry years. Similarly at Jaynagar station, the simulated groundwater
levels (varied in the range of 64.28 — 67.23 m) are also found to be in good agreement with
observed groundwater levels (varied in the range of 64.21 - 66.17 m) during extremely wet
year (2007) except few values (Figure 5.7(a)) Whereas, during extremely dry year (2005),
the simulated groundwater levels (varied in the range of 63.82 - 65.71 m) are also noted to
be good agreement with the observed groundwater levels (varied in the range of 63.76 -
65.67 m) during extremely dry year (2005) (Figure 5.7(b)). It clearly indicates that the
comparison of simulated and observed values has proven that the model is able to predict
groundwater levels and capture the effects of wet and dry years. Overall, the performance
of the model (in case 1) during calibration and validation periods are observed to be well
predicted (Figures 5.6 and 5.7), which indirectly reconfirms that the accurate estimation of
recharge by the SWB method than SWAT model. Table 5.1 presents the evaluation
statistics of the groundwater flow models for both the cases at the two well stations during
calibration and validation periods.
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Table 5.1: Evaluation statistics of Groundwater Model

Station Groundwater Recharge Duration R? NSE RMSE
Name used (m)

Calibration 0.71 0.33 0.61
Validation 0.67 0.38 0.43

SWAT Recharge

Supaul —
SWB Recharge Calibration 0.83 0.85 0.36
g Validation 079 081 025
Calibration 0.71 0.56 0.45
SWAT Recharge Validation 069 067 051
Jaynagar

Calibration 0.80 0.84 0.38

SWB Recharge Validation 077 080 037

5.7.3 River-Aquifer Exchange Flux

The calibrated groundwater flow model has been used to assess the river-aquifer exchange
flux using MODFLOW RIV (River) package. Figure 5.8 shows the three-dimensional (3D)
plot between distance (upstream to downstream), time period (month) and river leakage
(exchange flux rate) along the river reach. In the 3-D plot, positive value of river leakage
indicates the river losing water to the aquifer whereas negative value indicating river
gaining water from the aquifer. Based on this exchange rate, the entire river reach can be
divided into three critical zones and these zones can be seen in Figure 5.8. It can be
observed that the river always loses water to the ground (as influent river) in Zone | (up to
80 km from upstream) while the Zone 111 (from 40 km above downstream to conferencing
point) the river mostly gains water from river (as effluent river) throughout the study period
(1996-2010) except in very few dry months. Whereas, in the middle reaches (Zone I1), the
river has a combination of both influent and effluent natures. Figure 5.8(a) shows the
spatio-temporal variation of river-aquifer exchange flux along the Kosi river reach obtained
in case | (groundwater modelling with recharge estimated using SWAT model and riverbed
conductivity calculated using Kef10 value of Scenario 1 (S1) through sandbox
experiments)). However, Figure 5.8(b) shows the spatio-temporal variation of river-aquifer
exchange fluxes along the river reach in case Il (groundwater modelling with recharge
estimated using SWB method and riverbed conductivity calculated using Keff.10 value of
S1). Table 5.2 shows the zonal statistics of river-aquifer exchange flux obtained using both
the cases.
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Figure 5.8: Spatio-temporal variations of River-Aquifer exchange flux along Kosi river
reach (upstream to downstream) obtained using MODFLOW model with Ket-10 value of
Scenario 1 (S1) and recharge estimated by (a) SWAT model (case I) (b) SWB method

(case ll).

[*Note: (1) Green to Red color indicates river losing state and blue color indicates river gaining state (2)

Positive value of river leakage indicates the river is losing water to the aquifer whereas negative value

indicates the river is gaining water from aquifer]

Table 5.2: Zonal statistics of river-aquifer exchange flux obtained using SWAT and SWB

recharge

River-Aquifer Exchange Flux (m3/day)

Case Zone
Minimum Average Maximum Standard Deviation
Zone | 1 292 794 191
I Zone Il -149 177 584 119
Zone Il -597 -156 283 126
Zone | 33 433 979 211
I Zonell -196 262 891 139
Zone Il -768 -177 439 164
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The observations from both the cases reveal that the losing rate is found be higher
during the non-monsoon season than that in monsoon season throughout the study period.
However, the gaining rate is observed to higher during monsoon season than that of non-
monsoon season. Similar observation can be found in the study carried out on wetland-river
interactions in Kosi river basin [Chembolu et al., 2019]. Their study also revealed that the
flow was coming out of the river (losing) during monsoon period whereas the flow was
leaving from the wetland (gaining) during non-monsoon season.

In comparison with case | and case Il, the losing rates are noted to be lesser
throughout Zone I and Il in case | than case Il. But, the gaining rates in case | are found to
be higher in Zone 11 (falls in Sub-basin 17 (S-17)) in comparison with case 1l throughout
the zone except the maximum values. It is resulted due to the incorporation of over-
predicted recharge (section 3.10) into the groundwater model. However, the highest value
of gaining rate (-769 m®day) is observed to be found in case 11 in comparison with the case
| (-597 m®/day). It has happened due to the highest value of recharge in S-17 (annual
recharge of 67 cm per year) corresponding to the wettest year (1999) was obtained using
SWB method against SWAT simulated recharge (24 cm per year), Also, the effect of wet
and dry years on river-aquifer interaction is not well captured by the model in case I. For
example, this behaviour can be clearly seen in zone Il during wet and dry periods. The
river is found to be significantly gaining water from the aquifer even during and after the
dry cycle (2005 onwards) whereas the influence of the dry cycle can be seen in case Il
(2005 onwards) and the river is observed to lose water in comparison with the behaviour in
early periods except in 2007. Also, the wet year influence can be clearly seen in case Il than
in case I. In comparison with case | (Figure 5.8(a)), the influence of wet year can be strongly
seen throughout the stretch in zone I11 during wettest year (1999) in case Il (Figure 5.8(b)).
This inter-comparison between case | and case Il clearly indicate that the groundwater
modelling with SWB recharge can able to capture wet and dry year impacts on river-aquifer

exchange fluxes than that of SWAT recharge-based modelling.

However, it can be observed that irrespective of case (I or Il) considered for
modelling, the river always loses water to aquifer (as influent River) at upstream and mostly
gains water from aquifer (as effluent river) at downstream during wet and dry years which
indicates that significant influence of topography on river-aquifer exchange flux. This
influence of topography on river-aquifer exchange flux from Kosi barrage (upstream) to

the point of conference with Ganga river (downstream) in different zones can be
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represented through a conceptual diagram (Figure 5.9). It shows the spatial variation of the
groundwater table along the river reach (from upstream to downstream) during wet and dry
years. During wet and dry years, the groundwater levels at upstream (at higher ground
elevations) always lie below the river water surface which causes the river to be behave
influent in Zone 1 while the groundwater levels at downstream (at lower ground elevations)
lie above the river water level which makes effluent river in Zone Ill. In Zone I, the
groundwater levels rise above the river water levels during wet years which makes the river
to behave as influent whereas falls below river water levels during dry years which makes
the river to behave as effluent i.e. combination of influent and effluent nature can be seen

in Zone II.

Kosi Barrage
(upstream) Dry Year
————— Wet Year
c
2 I \ 4 Groundwater Table
g | Y
m | o,  TTS=eo —— Riwer water Surface
_______________________ 1
1 T, T S — e E e 1 )
P T e it et Ganga Riwer
! ! (downstream)
le— Zone | —:I: Zone 1l :if Zone Il =»
1 1

Distance

Figure 5.9: Conceptual diagram of groundwater table spatial variation along Kosi river
reach (upstream to downstream) during wet and dry years

Overall, the groundwater modelling in case Il (using SWB recharge) is found to
have good agreement with observed groundwater levels and also able to capture the wet
and dry year effects on river-aquifer interaction process in Kosi river basin. Like Kosi,
Gandak river is also one of the major tributaries of Ganga river and the study on river-
aquifer interaction in Gandak river revealed that the exchange rates varied in the range
between -500 to 1000 m®/day [Singh et al., 2018]. Similar to Gandak river, the river-aquifer

exchange rates are found to vary in the range of -600 to 1000 m®/day in Kosi river basin.
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5.7.4 Inter-comparison of River-Aquifer Exchange Flux of Scenario 1 and 3

In order to see the influence of riverbed conductance on river-aquifer exchange flux, three
different percentiles (Ket.10, Keft-s50 and Kesr-90) (Section 4.4, Table 4.21) were used in
riverbed conductance calculation which were further used in the groundwater flow

modelling to assess the spatio-temporal variations of the exchange flux rate in the basin.

Figures 5.10 and 11 show the exchange flux spatio-temporal variations in the three-
dimensional plot of case Il modelling for Scenario 1 and 3 (S1 and S3) considered in the
sandbox experiments. The variations of exchange flux obtained using SWB recharge and
riverbed conductance calculated with Kes.10 of S1 are shown in Figure 5.10(a). It can be
noted that the river is observed to lose water (as influent) in Zone | with an average of 433
m3/day, gain water (as effluent) in Zone IIl with an average of -177 m3/day) whereas
combination influent and effluent nature of river can be seen in Zone Il with an average of
262 m3/day. The losing rates are observed to vary between 33 and 979 m*/day whereas, the
gaining rates are found to vary in the range of -196 to -768 m3/day respectively in the study
area. It is observed that the river was significantly losing water to the aquifer after the dry
cycle (2005 onwards) and this behaviour can be clearly seen in Zone Ill, whereas, the
influence of the wet year can be strongly seen throughout the stretch in zone Il during the
wettest year (1999). Similar variations in the exchange rate are noted in case 11 groundwater
modelling with riverbed conductance calculated with Keft-s0 and Ker.o0 Values (Figures
5.10(b-c)). It can be found that there is not much significant difference in the exchange
rates in the modelling outcomes with the variations of riverbed conductance value. This
can be clearly seen with the statistics of river-exchange flux in all the three zones for S1

can be seen in Table 5.3.
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Figure 5.10: River-Aquifer exchange flux along Kosi river reach (upstfream- downstream)
obtained from case Il groundwater modelling using SWB recharge and riverbed
conductance calculated with (a) Keft10 (b) Keft-s0 (C) Keft-90 values of Scenario 1 (S1)
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Figure 5.11: River-Aquifer exchange flux along Kosi river reach (upstfream- downstream)
obtained from case Il groundwater modelling using SWB recharge and riverbed
conductance calculated with (a) Kett-10 (b) Keft-s0 (C) Kett-90 values of Scenario 3 (S3)

Figure 5.11(a-c) shows the spatio-temporal variations of exchange flux obtained
using case Il modelling with riverbed conductance calculated using Kes values of Scenario
3. Similar to the modelling with Kess values of S1, the river is observed to be influent (losing
river) in Zone | (with an average of 332 m®/day), effluent in Zone 111 (with an average of -
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137 m3/day) and both influent and effluent in Zone Il (with an average of 201 m%/day)

respectively. In the study area, the losing rates are found to vary with minimum and

maximum of 26 and 756 m3/day whereas, the gaining rates are observed to vary with a

minimum and maximum of -149 and -573 m3/day respectively. In comparison with the

results obtained with S1, these exchange rates are noted be significantly decreased. Also,

the wet and dry year behaviours are found to follow the similar trend observed (Figure

5.11) and there is not much significant difference in the exchange rates in the modelling

results by varying riverbed conductance value. This can be clearly seen with the statistics

of river-exchange flux in all the three zones for S3 (Table 5.3). From this study, it can be

noted that variations in the riverbed conductance of a particular soil stratification

combination does not have much significant effect on river-aquifer exchange flux.

However, river -aquifer interaction is highly sensitive to different soil stratification.

Table 5.3: Zonal statistics of rive-aquifer exchange flux obtained using SWB recharge for
Scenario 1 and 3

Keff

River-Aquifer Exchange Flux (m®/day)

Scenario . Zone o . o
Percentile Minimum  Average = Maximum  Standard Deviation

Zone | 33 433 979 211

Keft-10 Zone Il -196 262 891 139

Zone |l -768 -177 439 164

Zone | 34 444 986 216

S1 Kef-50 Zone |1 -201 268 902 142
Zone |1 =187 -182 446 168

Zone | 35 455 994 222

Kefr-90 Zone |l -206 275 908 146

Zone 11 -806 -186 455 172

Zone | 26 332 756 161

Kef-10 Zone Il -149 201 683 106

Zone 11 -573 -137 338 127

Zone | 27 350 768 171

S3 Keft-50 Zone Il -158 212 721 112
Zone Il -581 -145 357 134

Zone | 28 369 794 180

Kefr-90 Zone Il -166 223 760 118

Zone Il -594 -152 376 141

*Note: River-aquifer exchange flux was calculated using SWB recharge (case 1) and riverbed conductance

calculated with Keft-10, Kefr-s0 and Kesr.go Values of Scenario 1 (S1) and Scenario 3 (S3).

TH-2518_136104028
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5.8 CONCLUSIONS

In the present study, assessment of spatio-temporal variation of river-aquifer interaction
exchange flux of Kosi river was studied. For this purpose, fully distributed groundwater
model (MODFLOW) was used along with remote sensing inputs (groundwater recharge
and evapotranspiration), aquifer characteristics (hydraulic conductivity, porosity, specific
storage) and riverbed conductance. Groundwater recharge incorporated in the groundwater
modelling was estimated using two different methods using SWAT modelling and SWB
method. In order to select the suitable recharge estimation method for groundwater
modelling in Kosi river basin, groundwater modelling was carried out for two different
cases, i) modelling with recharge estimated using SWAT model and ii) modelling with
recharge estimated using SWB method. Also, the influence of riverbed conductance on
river-aquifer interaction process was assessed by incorporating different riverbed
conductance (calculated using Kesr values of different soil combinations considered in the
sandbox experiments) values in the groundwater modelling. The following conclusions

were drawn from this study.

1) Monthly groundwater levels simulated using SWAT recharge-based groundwater
flow modelling (case I) did not correlate with observed groundwater levels and also
was not able to capture the wet and dry year effects. However, simulated
groundwater levels in the groundwater modelling with SWB based recharge were
observed to have a better agreement with observed groundwater levels and also
found to be captured the effects of wet and dry years.

2) Also, the effect of wet and dry year effect on river-aquifer exchange flux was not
seen in case | modelling whereas case 1l model was able to capture the effects of
wet and dry years on the exchange process.

3) Three different interaction zones were identified from upstream (Kosi barrage) to
downstream (conferencing point with Ganga river) in the study reach. It is observed
that the river always loses water to the aquifer (as influent) in Zone 1 (80 km from
upstream) and the river mostly gains water from the aquifer (as effluent) in Zone Il1
(40 km above downstream). Whereas, in the middle reaches (Zone II), the river has
a combination of both influent and effluent natures.

4) At the upstream, the river always loses water to the aquifer and mostly gains water
from the aquifer at downstream during wet and dry years indicates that significant
influence of topography on river-aquifer exchange flux.
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5) The results obtained in case 11 modelling with different riverbed conductance values
indicate that the river-aquifer interactions are highly sensitive to the riverbed
conductance with different soil layer strata. Whereas, these interactions are found
to be less sensitive to the variations in riverbed conductance values (10, 50, 90

percentiles) for a soil layer strata.

Overall, this inter-comparison of groundwater modelling results indicates, remote
sensing inputs (recharge and evapotranspiration used in SWB method for estimating
recharge) along with estimated riverbed conductance values can improve the assessment

and understanding river-aquifer interaction process in Kosi river basin.
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6

SUMMARY AND FUTURE SCOPE

6.1 SUMMARY

The present research aimed to understand the river-aquifer interaction process and its
assessment along the reaches of Kosi river basin, India. The river basin consists of
agricultural lands and relies on a groundwater-based irrigation system. The study attempted
to investigate river-aquifer interaction exchange process by determining the input
parameters required for sub-surface hydrological model such as groundwater recharge and
riverbed hydraulic conductivity. For this purpose, the plain parts of Kosi river basin
(excluding the hilly Nepal and Tibet regions) that falls in India was considered as the study
area. The groundwater recharge estimations techniques using remote sensing inputs, tracer
techniques using heat flux measurements and, sub-surface hydrological models were used
for achieving the objectives. The following sub-sections are the brief summary of the work

carried out and observations made in the present research.

6.1.1 Estimation of Groundwater Recharge

In this objective, monthly and seasonal groundwater recharge was estimated for Kosi river
basin, India using four different methods namely, Water Table Fluctuation (WTF), Rainfall
Infiltration Factor Method (RIF), Soil and Water Assessment Tool (SWAT) and Soil Water
Balance (SWB) methods. The results provided insights in groundwater recharge estimation
using different methods for effective groundwater management in highly groundwater

irrigation dominated region. The results of the study lead to the following observations.
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(a) Analysis of rainfall variations indicated that there was an average of six-year
cyclic period for the wet year and nine-year cyclic period for the dry year over the
29 years of the analysis period (1982-2010).

(b) LULC change analysis for the year 1985-2005 indicated that there was no
significant change in the LULC in the study region, which was mostly dominated
by agricultural lands (90%).

(c) Spatio-temporal variations of evapotranspiration (ET) showed that there was a
shift of one month in the cropping pattern from October to September during the
study period (1982-2010).

(d) The seasonal groundwater estimation results showed that WTF method
considered the fluctuations in groundwater levels and RIF method simply followed
the rainfall patterns. But both the methods were not able to capture the wet and dry
year impacts on groundwater recharge.

(e) Surface water hydrological model (SWAT) was calibrated and validated with the
observed monthly discharge time series to get the monthly groundwater recharge at
sub-basin scale. Groundwater delay and shallow groundwater storage were found
to be the most sensitive calibration parameters.

() SWAT model also over-predicted the recharge and also not able to capture wet and
dry year effects on groundwater recharge due to the under-prediction of simulated
Actual Evapotranspiration (38% of observed AET).

(g) SWB method (in which high resolution remote sensing-based satellite datasets
such as precipitation, actual evapotranspiration (ground truth validated) and soil
moisture along with runoff obtained from calibrated SWAT model were
considered) improved the monthly groundwater recharge estimations and also

captured wet and dry year effects on groundwater recharge in the study zone.

6.1.2 Estimation of Fluid Flux and Hydraulic Conductivity

In this objective, heat was used as a natural tracer to estimate the fluid flux and bed
hydraulic conductivity through the sediment-water interface based on laboratory
experiments conducted in a sandbox. In order to understand the variation in fluid flux and
hydraulic conductivity under different conditions, a series of laboratory experiments were
conducted with four different scenarios (soil combinations, temperature gradients (gradient
between hot water and normal water) and ponding depths). The following conclusions were
drawn from this study
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1. Vertical thermal profiles were measured in soil column for different conditions to
estimate the fluid flux in different soil layers using four different analytical
solutions i.e. Keery and Hatch Amplitude Ratio (AR) and Phase Difference (PD).
Among these four methods, fluid fluxes estimated using Keery AR method were
observed to have a good agreement with measured seepage velocity. It might be
due to the lack of consideration of dispersion term in Keery analytical method and
violating the one-dimensional assumption.

2. Inter-comparison of four different scenarios show that fluid fluxes were observed
to be higher values in Scenario 1 (Fine Sand | at top, Fine Sand Il at middle and
Medium Sand at bottom layers) than other three scenarios. It is resulted due to the
placing of highly permeable media at bottom, moderately permeable soils at
middle and less permeable media at the top layers.

3. The influence of ponding depth and temperature gradient on fluid flux were
analyzed using ANOVA (TukeyKramer HSD test at P < 0.05) by considering
different cases i.e. varying temperature gradient while ponding depth remained
constant and in other case, temperature was constant against varying ponding
depth. This analysis revealed that ponding depth had a significant influence on
fluid flux over temperature gradient in all the four scenarios considered.

4.  Effective Hydraulic Conductivities (Kefr) calculated using hydraulic conductivities
(estimated from the fluid fluxes) of different soil layers in all the four scenarios
followed Gaussian normal probability distribution and the influence of ponding
depth and temperature gradient on Kefr was observed to be not significant.
However, the influence of temperature gradient was noted to be slightly more
compared to ponding depth.

6.1.3 Assessment of River-Aquifer Interaction

The objective aimed the assessment of spatio-temporal variation of river-aquifer interaction
exchange flux of Kosi river. For this purpose, a fully distributed groundwater model
(MODFLOW) was used along with remote sensing inputs (groundwater recharge and
evapotranspiration), aquifer characteristics (hydraulic conductivity, porosity, and specific
storage) and riverbed conductance. Groundwater recharge incorporated in the groundwater
modelling was estimated using two different methods using SWAT modelling and SWB
method. In order to understand the best accurate recharge estimation method for
groundwater modelling in Kosi river basin, groundwater modelling was carried out for two
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cases, i) modelling with recharge estimated using SWAT model and ii) modelling with
recharge estimated using SWB method. Also, the influence of riverbed conductance on
river-aquifer interaction process was assessed by incorporating different riverbed
conductance (calculated using Kefr values of different soil combinations considered in the
sandbox experiments) in the groundwater modelling. The major observations in the study

lead to the following conclusions.

First, monthly groundwater levels simulated using SWAT recharge-based
groundwater flow modelling (case 1) did not correlate with observed seasonal groundwater
levels and also was not able to capture the wet and dry year effects. However, simulated
groundwater levels in the groundwater modelling with SWB based recharge were observed
to have a better agreement with observed groundwater levels and also found to be captured
the effects of wet and dry years. In addition, the model was able to capture the effects of
wet and dry years on the exchange process. Second, three different interaction zones were
identified from upstream (Kosi barrage) to downstream (conferencing point with Ganga
river) in the study reach. It is observed that the river always loses water to the aquifer (as
influent) in Zone I (80 km from upstream) and the river mostly gains water from the aquifer
(as effluent) in Zone 111 (40 km above downstream). However, in the middle reaches (Zone
I1), the river has a combination of both influent and effluent natures. Third, at the upstream,
the river always loses water to the aquifer and mostly gains water from the aquifer at
downstream during wet and dry years which indicates significant influence of topography
on river-aquifer exchange flux. Fourth, the results obtained in case Il modelling with
different riverbed conductance values of different scenarios (soil combinations) indicate
that the river-aquifer interactions are the most sensitive to the riverbed conductance.

From this study, it can be concluded that use of satellite remote sensing inputs
(recharge and evapotranspiration used in SWB method for estimating recharge) and
estimated river bed conductance based on laboratory sandbox experiments improved the

assessment and understanding river-aquifer interaction process in an alluvial River basin.

6.2 Limitations of the Study

Although, this study helps to improve the understanding and assessment of river-aquifer
interaction, there are few limitations in the study to be addressed.

e In SWB method, SWAT simulated discharge is used to estimate the monthly

groundwater recharge due to non-availability of observed discharge data. The
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presence of real observed discharge data can provide better estimation of recharge
values.

« In the sandbox experiments, representative soil samples of Kosi basin are used to
estimate the fluid flux and riverbed conductivity. Collection and use of real field
soil samples can improve the experimental results.

e In this study, hydraulic conductivity of aquifer and riverbed are obtained from

literature. Real field data of these parameters will improve the modelling results.

6.3 FUTURE SCOPE

The present research has provided better insights to understand the river-aquifer interaction
process in an alluvial River. However, there are many other important aspects to be looked
in detail for process-form based understanding of this river basin. The present work can be
extended further with prime focus to following aspects

e A detailed study in the hilly region of Kosi basin needs to be considered for better-
understanding river-aquifer interactions throughout the basin.

e In order to validate the river-aquifer interactions simulated using groundwater
model, a simple and cost-effective field investigations need to be carried out by
measuring thermal profiles inside the riverbeds.

e Assessment of river-aquifer interactions with groundwater model can be further
improved by incorporating high-resolution evapotranspiration and groundwater
pumping data into the model.

e Groundwater model performance can be further validated with GRACE (Gravity
Recovery Climate Experiment) data.

e Long-term simulations of groundwater model with climate change data for future
scenarios can be studied in detail for groundwater sustainable management.

e Groundwater model performance can be improved further by considering
heterogeneity in the aquifer parameters.

e For detailed understanding of the input parameters that govern aquifer/groundwater
recharging process, models such as DRASTIC can be used.

e The results of the MODFLOW can be compared with other groundwater models
such as DRAINMOD.
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6.4 DECISION SUPPORT SYSTEM OF THE STUDY

Around the globe, many countries are facing severe water crisis and this critical problem
can be addressed with proper sustainable water management. For effective management of
water resources, the watershed mangers have to focus on each and every component of the
hydrological cycle. However, all the site scale observations of components are not available
in many developing countries. In order to address this, the present study focused on
estimation of few important components of hydrological cycle (i.e. surface runoff,
groundwater recharge and the river-aquifer exchange) in an ungauged, alluvial river basin

using suitable methods and available data.

Assessment of river-aquifer interaction is the main objective of this study in an
agriculturally dominated basin of Kosi river, India. In order to obtain spatio-temporal
variations of this component, a numerical modelling technique is proposed. However to use
this sophisticated model, accurate input parameters are required. Groundwater recharge,
evapotranspiration, riverbed and aquifer characteristics are major input parameters to the
model. For this basin, high resolution remote sensing based AET is available to represent
the irrigation dominated basin properties. But, monthly ground recharge and riverbed
hydraulic conductivity values of this basin are not available at field scale which are highly
sensitive parameters of the model. Hence, this study is aimed to estimate these parameters
initially using hydrological model, remote sensing inputs (to estimate recharge) and heat as
natural tracer (to estimate riverbed hydraulic conductivity). Estimated quantities of these
two components along with AET and aquifer properties improved and helped to assess
river-aquifer interaction at reach scale. This similar approach used in the study can be

followed for similar type of ungauged river basins to manage water resources.
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APHORDITE Rainfall Data (Accessed on October, 2018)
http://www.chikyu.ac.jp/precip/english/downloads.html

Princeton University Global Forcing (PGF) Temperature and Weather Data (Accessed
October, 2018)

http://hydrology.princeton.edu/data.paf.php

Landuse/landcover Data (for SWAT modelling) (Accessed August, 2015)

https://modis.gsfc.nasa.gov/data/dataprod/mod12.php
NBSS & LUP Soil Data (n.d) (no date)

http://gisserver.civil.iitd.ac.in/grbmp/

Topography SRTM Data (Accessed November, 2014)

http://srtm.csi.cqiar.org/srtmdata/

CWC Discharge Data ((n.d) (no date)

http://www.cwc.gov.in/get-hydrological-data

Observed Groundwater levels Data (Accessed May, 2017)

http://www.india-
wris.nrsc.gov.in/GWLevel App.htmI?UType=R2VuZXJhbA==?UName=

GLDAS Soil Moisture Data (Accessed on February, 2018)

https://disc.gsfc.nasa.gov/datasets/GLDAS VIC10 M V001/summary?keywords=GLD
AS

NOAA Evapotranspiration Data (n.d) (no date)

ftp://discl.gsfc.nasa.qov/data/avhrr/global 8 km/

MODIS Evapotranspiration Data (n.d) (no date)

https://modis.gsfc.nasa.gov/data/dataprod/mod16.php

Decdal Landue/landcover Data (for LULC Change Analysis) (Accessed on March, 2017)

https://daac.ornl.qov/VEGETATION/quides/Decadal LULC India.html
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APPENDIX

APPENDIX A

A.1 SEMI-DISTRIBUTED HYDROLOGICAL MODELLING (SWAT)

SWAT is river based, or watershed, scale model and developed to predict the impact of
land management practices on water, sediment, and agricultural chemical yields in large,
complex watersheds with varying soils, land use, and management conditions over a long

period of time. The model is physically based and computationally efficient.
A.1.1 Water Balance Equation

The hydrological cycle simulated in SWAT model uses the following water balance
equation.

SW; = SWy+X (Ri- Qi—Et; —Pi—QRi) (A7)
Where, SW; = the soil water content (mm)

SWy = the soil water content available for plants uptake, defined as the initial soil
water content minus the permanent wilting point water content (mm)

t=time in days

Ri= amount of precipitation (mm)

Qi =amount of surface runoff (mm)
Eti= amount of evaporation (mm)

Pi =amount of percolation (mm)

QRi=amount of return flow (mm)
A.1.2 SCS Runoff Equation

The SCS runoff equation is an empirical equation model. The model was developed for
providing a consistent basis to estimate the amounts of runoff under varying land use and

soil types.

The SCS curve number equation is (SCS 1972)

2
R, -1

day “a
= A2
qurf R | +S ( )

day- a
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Where, Qsurt = Runoff depth (mm)
Raay = Rainfall (mm)
S = Maximum retention after runoff begins (mm)

la = Initial abstraction

The initial abstraction includes water captured by vegetation, depression storage,
evaporation, and infiltration. For any P, this abstraction must be satisfied before any runoff

is possible. The universal default for the initial abstraction is given by the equation:
a=0.2S (Aﬁ)
The ratio, 0.2, is rarely, if ever, modified.

The potential maximum retention after runoff begins, S, is related to the soil and land

use/vegetative cover characteristics of the watershed by the equation:

100 ] (49

S= 28.4[—-10
CN

Where the runoff curve number is developed by coincidental tabulation of soil/land use

extents in the weighted runoff curve number parameter, CN.
A.1.3 Development of SWAT Model

In order to simulate monthly discharge and groundwater recharge at sub-basin scale, SWAT
modelling was through the ArcSWAT interface (Version, 2012: 10_1.4) for the period
1970-2010. For this purpose, global weather data along with geospatial data are used to
build up the model (Table 3.1). Whereas, the default watershed conservation practice data
like, channel input, reservoir input, manning’s n used in the model are mentioned in Neitsch
et al. [2004]. The model divided the watershed into seventeen sub-basins to represent the
spatial heterogeneity. Further, these sub-basin are discretized into hydrologic response
units (HRU). SWAT model works at this HRU level to compute all the water balance
components. Using SCS curve number technique, surface runoff was simulated and this
simulated discharge was calibrated and validated with observed CWC discharge data.

While, monthly groundwater recharge is obtained using this simulated SWAT model.
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Geospatial Data

SWAT [Landuse/Landcover of
— 1 Hydrological | Landsat MSS data, soil,
Modelling Topography]

A 4

Daily water balance

A 4

Calibration of SWAT Model

A 4

Validation of SWAT Model

A

Monthly water availability at
reach scale under baseline
conditions and Monthly
Groundwater Recharge

Figure A.1: Methodology of SWAT model
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Figure A.2: 12-month non-parametric SPI index from 1982-2010 in (a) S-12 (b) S-13 (c)
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APPENDIX B

B.1 Effective Hydraulic Conductivity of Soil Strata

Effective hydraulic conductivity (Kesr) of stratified soils can be estimated using the concept
of flow orthogonal to plane of stratification as

K =H [2[% ]ll (4.11)

where
Kesf - Effective Hydraulic Conductivity of soil strata (m/day)
H — Thickness of soil strata (m)
Hi — Thickness of layer i (m)

ki — hydraulic conductivity of layer | (m/day)
B.2 River and groundwater temperature variation
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Figure B.1: Kosi river water temperature (2003) and groundwater temperature variations
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B.3 Particle distribution Curve
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Figure B.2: Particle size distribution curve of (a) Source 1 (b) Source 2

Table B.1: Soil physical properties

Source D50 Cu C.

Sourcel 0.20 2.51 1.39
Source2 0.22 1.59 1.01

B.4 Assumptions

o Fluid flow is parallel to z-axis and along z-axis, the fluid velocity is assumed to be
steady and uniform,

o With respect to space and time, the heat characteristics of fluid and medium are
assumed to be constant.

o All the components of fluid and heat flow occur along only z-axis.
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APPENDIX C

C.1 Fence Diagram of Bihar, India
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Figure C.1: Fence Diagram of Bihar state include study area
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APPENDIX D

PUBLICATIONS

A.1 UNDER PREPARATION

e Satish L.N.V., Dutta, S., Kartha S.A. Estimation of Groundwater Recharge and
Extractions using Satellite Based Evapotranspiration Data in Kosi River Basin (To
be Submitted)

e Satish L.N.V., Dutta, S., Kartha S.A. Estimation of Fluid Flux through Sediment -
Water Interface using Heat as Tracer based on Laboratory Experiments. (Under
Preparation)

e Satish L.N.V., Dutta, S., Kartha S.A. River-Aquifer interactions in Kosi river basin,
India. (Under Preparation)
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