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It was the best of times,

It was the worst of times,

It was the age of wisdom,

It was the age of foolishness, ...

Charled Dickens
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Responsible for scientific planning, data processing, numerical modelling, part
of the writing



Brian Babak Mojarrad TRITA-ABE-DILT-2138

vi



Multi-Scale Surface Water-Groundwater Interaction: Implications for Groundwater Discharge
Patterns

SUMMARY IN SWEDISH

Vattendrag och akviferer utbyter vatten pa olika tids- och lingdskalor pa grund
av bottenformationer och det omgivande landskapets topografi. Samspelet av
fléden pd olika skalor sker i de permeabla sedimenten under det strémmande
ytvatten, i den sa kallade hyporheiska zonen. Den hyporheiska zonen ir en
viktig ekoton ddr wvatten, energi och 16sta dmnen som kommer frin
grundvatten och strémmande ytvatten blandas. Flodet i den hyporheiska zonen
ir uppdelat pa flédesceller i ett hierkiskt storlekssystem (spektrum) av olika
storlekar som omfattar frin flodbiddens formationer till det regionala
landskapets topografi. Det innebir att vattendragets hyporeiska zon paverkar
det storskaliga grundvattnets utstrémning och tvirtom att grundvattnets
utstromning paverkar den hyporeiska zonen. Sdledes maste matematiska
analyser av vattenstrémningen tdcka hela det breda intervallet av skalor for att
uppnd en tillricklig forstielse av det hyporheiska utbytesprocesser. I denna
avhandling gjorde jag en uppdelning av det regionala grundvattenflddet och det
hyporheiskt ~ flédet och  undersokte deras respektive roller  for
stromningsinteraktionen i vattendragens sediment, samt bedémde vikten av
regionala och lokala parametrar fér att generalisera ytvatten- och
grundvatteninteraktionen. En sirskilt viktig friga var att dela upp randvillkoret
for grundvattenytan pd de tvd skalintervallen och samtidigt ta hinsyn till
infiltrationens ~ begrinsning  fér  grundvattenytan.  Det  regionala
grundvattenflédet utvirderades med hjilp av numerisk modellering med
hinsyn till platsspecifik landskapsmorfologi, geologisk heterogenitet i ett
svenskt borealt avrinningsomride och hydrologisk information, som
infiltration och vattendrasnitverket. En exakt spektral 16sning applicerades pa
det hyporeiska flodet med hinsyn till vattendragets lokala topografi pa skalor
som inte férekom i den regionala grundvattenanalysen. Graden av osdkerhet 1
det hydrostatiska och dynamiska bidragen till det hyporheiska flodet
undersoktes genom en kombinatorisk indata av bottentopografi och den s.k.
”damping factor” som beskriver ytans form i férhallande till bottens form
(Monte Carlo-simulering). Effekterna av det regionala grundvattenflodet pd det
hierkiska flodessystemet i den hyporeiska zonen studerades genom att
superponera fldesfilten. Superponeringen blir ett effektivt tillvigagingssatt
for att analysera flodessystemens interaktion eftersom de tva skalintervallen
kan utvirderas separat. Den hyporheiska flédeshastigheten befanns i
normalfallet vara minst en stotleksordning hégre in
grundvattenflddeshastigheten. Detta éterspeglar att det hyporheiska fl6det
dominerar &ver grundvattenutstrémning i bottensedimenten och ger en
betydande inverkan pd grundvattenflddets residenstid genom den hyporeiska
zonen, riktning och det djupa grundvattnets utstrémning genom
bottensedimentet. Det utstrémmande grundvattnet uppvisade en markant
“kontraktion” eller “konvergens” pa grund av det hyporeiska flédet och
utstromningsomradena begrinsades till fragmenterade, sma omraden som ér
fordelade lings botten. Resultaten indikerade att bade intensiteten pa
grundvattenflédet 1 forhallande  till  grundvattenutstrémningen — och
heterogeniteten hos sedimentet kontrollerade hur djupt det hyporheiska flédet
nadde. Dessutom ledde den 6kade flédesintensiteten till ett bredare spektrum
av  hyporeiska  flodestransporttider. I ett  filtférsék  anvindes
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temperaturmatningar fér att utvirdera utbredningen av utstrémningsomriden.
Vidare si undersoktes effekterna av en plétslig vattenstindsokning pa det
hyporheiska flédet med hjilp av en filtstudie dir en dammlucka Sppnades
plotsligt och skapade en flodvag.
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ABSTRACT

Rivers and aquifers are continuously exchanging water, driven by processes
that occur on various temporal and spatial scales, ranging from small
streambed features to large geological structures. The interaction between these
two components occurs in permeable sediments below the stream channel,
called the hyporheic zone. This zone is an important ecotone in which water,
energy, and solutes originating from groundwater and stream water mix. The
exchange fluxes through the hyporheic zone ate controlled by a distribution of
hierarchically nested flow cells of different sizes that are generated by a
spectrum of spatial scales of the hydraulic head condition. Thus, a multiscale
mathematical approach is required to reach a comprehensive understanding of
the hyporheic exchange processes. Therefore, this thesis investigates the roles
of regional groundwater flow and hyporheic fluxes in a nested flow system
within the streambed sediment. Next, the study assesses the importance of
regional and local parameters in generalizing the surface water and
groundwater interaction. This division of the top-boundary condition in two
scale-intervals of the sub-surface flow is arbitrary but facilitates the analytical
procedure. The regional groundwater flow field is evaluated using numerical
modeling, accounting for the site-specific landscape morphology and
geological heterogeneity of a Swedish boreal catchment. An exact spectral
solution is applied to the hyporheic flow with account taken to local streambed
topography fluctuation. Combinatorial sampling of the modeled flow data and
a Monte Catlo simulation are used in a sensitivity analysis to address the
uncertainty in hydrostatic and dynamic head contributions to the hyporheic
flow field. Then, the impact of the regional groundwater and the hyporheic
flows on the nested flow system in aquatic sediment are studied through
superpositioning of the flow fields. This is an efficient approach to analyze the
nested flow system because the impact on individual scale intervals can be
evaluated separately. Additionally, the impacts of streamflow discharge
intensity on hyporheic exchange flow fields are investigated through field
investigation. In this study, the hyporheic fluxes velocity at the streambed
interface were generally at least one order of magnitude higher than
groundwater flow velocity. This reflects the domination of hyporheic fluxes at
the streambed interface, leading to significant impacts on the discharge of
deeper groundwater through the hyporheic zone. Significant effects were
found in flow travel time, direction and discharge areas at the streambed
sediment. Thus, the upward groundwater flow contracted near the streambed
surface and discharged in a fragmented pinhole pattern at the sediment—water
interface. The results also indicated that the magnitude of groundwater flow
and the heterogeneity of the subsurface sediment (i.e., the depth decaying
hydraulic conductivity of streambed sediment) controlled the depth of
hyporheic exchange flow in aquatic sediment. Furthermore, the increased
stream flow intensity led to a wide range of hyporheic flow residence times in
which temperature was used to evaluate stream segments with gaining and
losing conditions.

Keywords: groundwater flow, hyporheic zone, multi-scale modeling,
spectral analysis, fragmentation of discharge zones, characteristic
parameters
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1 INTRODUCTION

Surface water and groundwater continuously exchange water, mass, and energy. The interaction
between groundwater and surface water substantially influences the quality of water resources
and plays an important role in water resources management programs. Therefore, a detailed
understanding of groundwater—surface water interaction and the impact of each on the other is
essential in describing the fate and transport of existing contaminants in the hydrosphere. This
section provides a brief description of the water resources accounted for in this study, followed
by environmental issues inspiring me to investigate the interaction between groundwater and
surface water.

1.1 Groundwater

Groundwater is the water available in soil pores and fractures of bedrock materials within the
Earth’s crust. The subsurface domain can be both unsaturated and saturated, and the saturated
domain extends several thousands of meters into the Earth. The groundwater table of the
saturated domain (also called the phreatic surface) is the interface with atmospheric pressure that
separates the saturated and unsaturated zones. Surface water (including springs, lakes, streams,
and wetlands) are shaped where the groundwater table meets the ground surface. Groundwater
table is dynamic and changes over time, an action that depends on the amount of groundwater
recharge and discharge. Groundwater recharge results from infiltration at the ground’s surface,
and the discharge generally occurs in surface water bodies. The momentaneous ratio of
groundwater recharge to groundwater discharge controls the rise and fall of the groundwater
table. However, in wet climates, such as focused on in this thesis, the groundwater table is a
subdued replica of the landscape topography. Groundwater movement results from a wide range
of spatial scales of the landscape topography, and it carries chemicals and contaminants with
various properties over these spatial scales. Additionally, the chemical composition of shallow
groundwater is related to existing chemical compounds in precipitation, weathering products, and
the microbial decomposition of organic material. On the other hand, the groundwater at a great
depth, which is substantially slower than shallow groundwater, is highly saline and contains
various types of solutes and contaminants.

1.2 Hyporheic Exchange Flow

The hyporheic zone refers to the sediment below and adjacent the river where the stream water
and groundwater mechanically and chemically interact with each other. Orghidan (1959) used the
term “hyporheic” for the first time in limnologic science by combining the Greek roots Aypo and
rheos, meaning “under the flow.” Hyporheic flow is a subsurface flow originating from surface
water that mixes with subsurface water coming from different origins and finally returns to
streams (Harvey and Bencala, 1993). In the 1960s, scientists realized that solute transport in
streams is affected by uptake in dead zones and transient storage, leading to the development of
hydraulic and hydrologic aspects (Thackston, 1967; Thackston and Schnelle, 1970). This
hydraulic—hydrologic research continued during the early 1980s, emphasizing one-dimensional
model approaches (Bencala, 1983). Such research received extensive attention on a variety of
different hydromechanical and biogeochemical processes during the subsequent decades
(Cardenas, 2015). Hyporheic flow is distinct from groundwater due to its bidirectional flow,
meaning the flow both begins and ends in the open stream water. Thus, exchange can occur in
both directions across the streambed over spatial scales ranging in length from millimeters to
several meters and beyond. Additionally, this hyporheic flow process is affected by groundwater
discharge through the stream bottom of water generated by the infiltration-recharge mechanism
occurring outside the stream’s water continuum. Previous research conducted on hyporheic flow
has often applied an integrated perspective of hydrology and biochemistry of the subsurface
domain near the streambed interface (Stanford and Ward, 1993). Furthermore, many studies have
investigated the impact of hyporheic exchange flow on water quality, river restoration, and the
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ecology of streambed sediment (National Research Council, 2002; Kasahara et al., 2009; Boulton
et al., 2010).

1.3 Motivation of the Thesis

Subsurface flow occurs on a wide range of spatial scales associated with hierarchically nested flow
cells, from highly localized flows, like hyporheic fluxes, to very long groundwater flow paths
originating hundreds or thousands of meters away (Toth, 1963). The main scientific question of
this study is to what degree various subsurface flows occurring at different spatial scales influence
the discharge of deep groundwater in streams and the hyporheic flow pattern. Addressing this
question requires an analysis of the subsurface flow process to investigate how various spatial
scales of the flow field form and what controls the flow directions and velocities. Previous
studies have investigated different factors that influence the groundwater table and fluxes,
including the effects of landscape topography, subsurface geology, and climate conditions (Té6th,
1970; Winter, 1999; Devito et al., 2005; Leach et al., 2017; Singh et al., 2019), but the impact of
hyporheic flow on the regional groundwater discharge near the streambed surface has thus far
been overlooked by researchers. Even so, multi-scale subsurface modeling allows one to consider
the impact of the regional groundwater flow on the hyporheic flow, which has been previously
investigated (Boano et al., 2008; Trauth et al., 2014; Fox et al., 2016). However, the associated
flow with different ranges of individual spatial scales was loosely defined in previous studies
(Cardenas and Wilson, 2007; Boano et al., 2009). Applying a multiscale modeling approach
through subdividing the topographical features into individual spatial scales facilitates analyses of
decoupled subsurface flow from various ranges of spatial scales. Hyporheic flow is induced by
hydraulic head gradients originating from hydrostatic and dynamic pressure components, which
arise from variability in the surface elevation and flow velocity of the water, respectively (Boano
et al., 2014; Cardenas, 2015). Previous studies have estimated the hyporheic flow field using
experimental and numerical analyses and have described the hyporheic flow field using the flow
velocity variation over bedforms. However, the applied methods in hyporheic flow estimation
generally neglect the role of variation in stream water elevation over the bedform (Marzadri et al.,
2014; Caruso et al., 2016), which can be a limiting assumption. Recently, a few studies have
investigated the role of stream discharge intensities on hyporheic flow (Wu et al., 2018; Singh et
al,, 2019). On the other hand, topography variation has been considered as the main factor
affecting the subsurface flows in the hyporheic zone. However, a lack of high-resolution
topographical data has introduced conceptual errors in quantifying the hyporheic flow fields.
Consequently, this phenomenon has affected the quality of multi-spatial subsurface flow results
and the validity of modeled hyporheic fluxes. In fact, it is to some extent impossible to account
for all the spatial scales of subsurface flows in one single model. Therefore, one way to satisfy
topography resolution demands would be to separate the multi-spatial flows problem into
different scale intervals (spectra). Streambed morphologies show fractal structures (Rodriguez-
Iturbe and Rinaldo, 1997), and the subsurface flow has a similar hierarchical pattern that is
associated with the fractality of the landscape topography (Zijl, 1999; Wo6rman et al., 2007,
Cardenas, 2008). Fractality of topography facilitates identification of the functional trends in
landscape elevation by applying spectral analysis (W6rman et al., 2006) and rescaling topography
to resolution intervals not necessarily covered by data. The latter operation is required for the
hyporheic flow field modeling. In addition, the linearity of the groundwater flow equation enables
the superpositioning of solutions for the separate topographical spatial scale intervals, which
substantially facilitates the understanding of nested flow systems. However, the previous studies
generally included a limited range of spatial scales in each model case, but utilization of the fractal
trends offer the option of generalizing the spectral analysis of topography elevation over a much
wider range. Thus, the present thesis establishes two separate models over different scale ranges
for groundwater flow and hyporheic fluxes. In these models, the tegional groundwater flow is
quantified using numerical solutions, whereas the hyporheic fluxes are quantified by exact
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solutions. Separating the spatial scale ranges in the modeling approach using numerical and exact
solutions allows to consider various subsurface flow through the required topographical data
resolutions. Finally, combing the two aforementioned subsurface flows increases the conceptual
understanding of the importance of each spatial flow field and the flow process occurring within
the streambed sediment.

Recent studies have highlighted the importance of interaction between groundwater and
hyporheic fluxes for different scientific disciplines, including: hydrogeology and water resources
management (Fleckenstein et al., 2010; Caruso et al., 2016); chemical and biological reactions
(Boulton & Hancock, 2006; Landmeyer et al., 2010); and microbial metabolism (Zatnetske et al.,
2011). All of these scientific subjects were studied during the PhD period, but the focus of this
thesis is the following hydrogeological issues.

13.1 Groundwater-hyporheic flow interactions

Although groundwater and hyporheic fluxes are often considered to be separate subsurface
flows, numerous studies have demonstrated the interactions between these two flows (Boano et
al., 2014; Lewandowski et al., 2019). In particular, studies have shown that the hyporheic zone
depth substantially decreases in the regions where groundwater discharge is intense. Thus, the
solute transport times within the hyporheic zone are substantially impacted by both groundwater
and hyporheic fluxes. Previous investigations have studied interactions between groundwater and
hyporheic fluxes at the streambed sediment (Cardenas, 2015; Krause et al., 2011), but the impacts
on size of the groundwater discharge flow have never been examined. The hyporheic fluxes
typically have high oxygen contents and unstable temperatures due to the impact of diurnal
temperature signal. On the other hand, groundwater flow often displays a low oxygen content
and a relatively stable temperature. Mixing groundwater flow and hyporheic fluxes with different
properties (e.g., temperature and oxygen content), along with the existence of various chemical,
leads to various microbial metabolisms. These conditions can also cause a number of reactions,
such as oxidation of organic carbon, denitrification, or bioremediation of organic carbon within
the hyporheic zone (Duff and Triska, 1990; Conant et al., 2004; Nogaro et al., 2013). The
variations in the size of the hyporheic upwelling regions at the streambed interface influence the
aquatic habitat diversity and the stream’s water quality (Poole et al., 2006). Previous studies have
highlighted the controlling impacts of topography variations, geological formations, and climatic
conditions on regional groundwater circulation and its discharge location. However, the role of
hyporheic flow in regional groundwater discharge has often been neglected. This role is
important for the retention of contamination and solutes transported by deep groundwater flow.

13.2 Radioactive dose assessment

The isolation of the high-level radioactive waste (HLRW) in deep geological formations (i.e.,
several hundreds of meters deep within bedrock) is one of the most recognized options for
radioactive waste disposal. Radioactive dose assessment concerns the impact of leakage scenarios
from HLRW repository in deep bedrock on the safety of the surface environment and human
health. Additionally, a comprehensive understanding of the radionuclide transport in different
geological formations (such as bedrock and soil strata) is critical for developing a safety
assessment program. Since regional groundwater controls water flow at the repository depth, the
regional groundwater is the main component in radionuclide transport. Therefore, it is essential
for those involved to understand regional groundwater flow travel time in different geological
formations and the behavior of the flow at the discharge zones. That is, such knowledge is crucial
in long-term safety assessments. For instance, research conducted in Sweden mainly focused on
the radionuclide transport via large-scale groundwater flow field from a repository located in
deep bedrock, applying the results as input to biosphere models (SKB, 2004). Large-scale
groundwater model provides the required information to estimate the deep groundwater
discharge pattern at the geosphere—biosphere interface which are used in the radiation safety
assessment of the ecological models (Hedin, 2006). Radionuclide accumulation and transport
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close to the landscape topography surface are of great concern from the safety assessment
perspective. In particular, the existence of radionuclide compounds in streambed sediment and
Quaternary deposits significantly increase the risk of harmful radiation threating the safety of
human beings and other living biota. The overall deep groundwater flow travel time in
Quaternary deposits and streambed sediment is pertinent to the safety assessment because it
reflects the maximum exposure time of human bodies and the surface environment to
radionuclide radiation. Previous literature has studied the radionuclide mitigation in bedrock and
Quaternary deposits at various depths of radioactive waste disposal (Holmén et al., 2003;
Ericsson et al., 2006; Marklund et al., 2008). However, none of these studies investigated the
detailed flow behavior of the discharge zone, namely the importance of how the regional scale
flow field and hyporheic fluxes influence each other’s velocity and flow direction. That is, the
interaction between hyporheic exchange fluxes and subsurface groundwater flow influences the
fate and transport of radionuclide contaminants between surface water and aquifer and controls
the water quality and biological activities within the streambed sediment (Stanford & Ward, 1988;
Vervier, 1990; Medina et al., 2004).

1.4 Objectives

The main aim of this thesis is to investigate how the hyporheic flow and groundwater influence
each other within the discharge zone arising in streambed sediments. The research was conducted
by applying numerical modeling and field investigations. In particular, the impact of hyporheic
exchange fluxes and subsurface groundwater flow on each other was investigated through a
complex multiscale modeling approach. Beyond this, the role of temporal variation in surface
water level on the hyporheic flow field was studied via field experiment and numerical modeling.
Specific study site data were used throughout the investigation so that the numerical models
reflected the real watershed. However, different types of sensitivity analysis were used during the
investigation to generalize the results for a broader range of catchment’s characteristics.
Furthermore, this thesis addresses the role of hyporheic exchange fluxes in subsurface nested
flow modeling. Therefore, the estimation of the hyporheic exchange fluxes and the parameter
affecting its magnitude were investigated in detail. The uncertainty in hyporheic flow results was
addressed by applying either a combinatorial sampling approach or Monte Carlo simulations.
Additionally, this thesis provides a new approach to define a digital elevation model (DEM) of
the groundwater table, which satisfies the natural infiltration condition of the area as well as
topographic controls of surface water objects. The overall aim is to provide insight into the
importance of hyporheic exchange fluxes in regional groundwater solute and contamination
transport near the bed surface. In turn, such data could be used to detive an improved conceptual
view of surface water—groundwater interactions.

The detailed aims of this thesis are as follows:

- To estimate the impacts of regional scale groundwater flow on the hyporheic exchange
fluxes (Paper I),

- To quantify the impact of variation in the stream discharge on hyporheic exchange fluxes
via field investigation and numerical modeling approaches (Paper II),

- To parametrize a biosphere compartment model for the fate and transport of radionuclide
compounds in the biosphere (Paper I1I),

- To investigate the major impacts of hyporheic exchange fluxes on regional groundwater
flow field beneath the deep groundwater discharge points (Paper IV), and

- To investigate the role of geographic and hydrogeologic factors on the interaction between
groundwater and hyporheic flows (Paper V).
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2 THEORY OF SUBSURFACE FLOW PROCESS

The following section describe the theoretical knowledge applied in the modeling approach. In
particular, this section expresses the dominant flow equations in the subsurface domain.

2.1 Groundwater Flow in Saturated Porous Media
The groundwater movement in porous media is controlled by the gradient in the hydraulic head,
in which the flow regime could be either laminar or turbulent based on the flow’s ratio of inertial
forces to viscous forces. Reynolds number is used to quantify this ratio:
Re — P4n _ prdn )
RACR H
where o (kg/m’) is the water density; Q (m’/s) is the volumetric flow rate per cross-sectional
area; Acr (m?) is the cross-sectional area of the medium; d, (m) is the hydraulic diameter in which
it represents grain diameter for the porous media; p (kg/(s.m)) is the kinematic viscosity of the
water; and v (m/s) is the mean value of flow velocity (the Darcy velocity for the flow within the
potrous medium, defined as Q/Acr). The flow is considered to be laminar for Re<1, while the
Reynolds number at approximately 100 or above reflects the fully turbulent flow regime (Bear,
2012). Additionally, the flow begins to transition from a laminar to a turbulent flow, whereas the
Re number increases from 1 to 100. This range refers to the flow with a transition state. The
natural groundwater flow regime within the subsurface domain is laminar, where the flow is
governed by Darcy’s law:
Q aH
v=l=-K @)
where K (m/s) represents the hydraulic conductivity, H (m) is the hydraulic head, and L (m) is
the distance. The hydraulic head consists of elevation, velocity, and pressure heads, and the
velocity head is often neglected in groundwater hydrology, as displayed in the following equation:
P
H=z, + o0 3)
whete z. (m) is the elevation, P (Pa) is the pressure, and g (m/s’) is the gravitational acceleration.
The hydraulic conductivity depends on the properties of the fluid and porous media, including
permeability, fluid density, and kinematic viscosity:

K=k
- 0

where kp (m?) is the permeability of the porous media. The density and kinematic viscosity of
water substantially depend on the water temperature and its salinity. Consequently, the hydraulic
conductivity of the subsurface domain varies, resulting in a heterogeneous domain. Therefore,
the Darcy’s velocity is expressed as:

aH aH aH

- K

v =—K, ya—Kzg (5)

* Gy
The Darcy flow velocity is desctibed as the mean flow velocity over a cross-sectional area of the
porous medium (including both grains and pores). However, the flow velocity through pores and

fractures can be estimated using the seepage velocity:

Vspg = U/n ©

where vy, (m/s) is the seepage velocity, and n (-) represents the porosity of porous medium. On
the other hand, the continuity equation for incompressible flow under the steady state condition
is described as follows:

vy
ox
Combining Darcy’s law (Equation 5) with the continuity equation (Equation 7) leads to
governing equation for three-dimensional steady-state groundwater flow:

vy, av
Gvy , 9vz _
Tt -0 )
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8 aH 8 aH 8 aH
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2.2 Hyporheic Exchange Fluxes

Hyporheic flow is a reciprocal flow below the streambed interface that plays a significant role in
biogeochemical processes. Hyporheic flow is induced by hydraulic head gradients originating
from hydrostatic and dynamic pressure components. These elements arise from variability in the
streambed surface elevation and the near-bed flow velocity, respectively, effects induced by
streambed topogtraphy. Both landscape and streambed topography fluctuation have demonstrated
fractal behavior (Rodriguez-Iturbe and Rinaldo, 1997; Turcotte, 1997), which can be represented
by a real Fourier series through a nearly constant power law relationship between amplitudes and
wavelengths of topography elevation from continental to streambed scales (Wérman et al., 2007).
This constant power law suggests the generalization of the topography data outside the interval
of the observational data. Beyond this, the hierarchical nested flow cells induced by large-scale
groundwater flow are controlled by landscape topography variation under wet climate conditions
(Toth, 1963). In particular, the groundwater flow is controlled by a fractal scaling of the
landscape topography when the infiltration rate (from precipitation) is higher than the hydraulic
conductivity of the soil. Domination of this condition often allows one to assume that
groundwater levels follow topography variations in a quasi-steady-state condition. Zijl (1999)
derived an exact solution to groundwater flow circulation for regions with topography-controlled
groundwater flow. Furthermore, the fractal behavior of landscape topography can be related to
groundwater flow field using a three-dimensional, exact solution (Wérman et al., 2007). This
solution was enhanced by Cardenas and Jiang (2010) and Marklund and Wérman (2011) to
include anisotropy and heterogeneity in subsurface geological formations, such as depth-decaying
hydraulic conductivity. Additionally, the application of a Fourier series can represent the
observed topography data as follows:

Zg(x,y) = ?":1 ¥y, (A[-.J,- )B sin(k;x) cos(k;y) )

where Zg (m) is the bed topography vatiation, N (-) is the number of wavelengths in the applied
Fourier seties spectrum, A (m) is the amplitude coefficient of the topography fluctuation, k=2x/A
(m") is the wavenumber, and A (m) is the wavelength. Equation 9 divides the observed

topography into sets of harmonic functions with specific amplitudes and wavelengths. The
distribution of topographic amplitudes across wavelengths follows this equation (Turcotte, 1997):
Ag=ax (10)

where a (-) and b (-) are the coefficients. The fractal nature of topography facilitates consideration
of the same power law between amplitudes and wavelengths for shorter wavelengths than those
for which observations are conducted. Hence, the topography elevation data can be rescaled into
finer resolutions (representing streambed variations) that suit the hyporheic flow modeling
(Figure 1; Ajj is determined from data, and the figute shows the matginal distributions). The
groundwater flow circulation and the landscape elevation display identical fractal natures under
wet climate conditions. Therefore, the hyporheic hydraulic head is assumed to closely follow the
streambed variation, and this head can be divided into hydrostatic and dynamic contributions.
Both hydrostatic and dynamic components of the hyporheic hydraulic head can be estimated
using the stream water elevation. The hydrostatic hydraulic head is water surface elevation and is
due to fully stagnant surface water due to gravitational forces, whereas the dynamic hydraulic
head is the additional pressure due to the flow velocity over a bedform. The hydrostatic hydraulic
head can be represented by a smoothed version of topography variation (Marzadri et al., 2014),
which itself can be illustrated by a scaling or damping factor that varies with Froude number (i.e.,
flow regime) and the wavelength of the Fourier series spectrum. Similarly, the dynamic
component of the hyporheic hydraulic head can be represented by a scaling or damping factor
that depends on streambed topography fluctuation and the physical characteristics of the stream

7
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water (le., flow velocity and water depth) (Fehlman, 1985). Detailed descriptions of the
hydrostatic and dynamic components of the hyporheic hydraulic head are presented in Section
3.3.1. Additionally, hydraulic conductivity is anisotropic, where in this study, anisotropy was
aligned with the horizontal surface, reflecting the exponential decay of hydraulic conductivity
only with depth (Saar & Manga, 2004; Marklund & Wérman, 2011). These facts imply an

additional damping of the hyporheic hydraulic head induced by depth decaying hydraulic
conductivity.

® Marginal mean amplitudes in x dircction
[ Power law fit: A=9.5¢” A

- = “Extrapolated power law trend
© Marginal mean amplitudes in y direction

Amplitude (A) [m]
=
Elevation [m]

—
_;,. y direction [m] 0 0 x direction [m]

1072 10" 10° 10' 10? 10°
Wavelength (\) [m]

Figure 1. (a) Martginal amplitude spectra based on the topographical data for one of the
100 m x 100 m regions and the extrapolated power law trend for rescaling; (b) Rescaled
topography for one of the selected regions (5 m X 5 m with 0.1 m X 0.1 m resolution)
(Paper I, I11, IV)

Finally, the total hyporheic hydraulic head can be represented by the following equation:

Hy(6,,2) = Z0 ZI4 [Caamp (Fr 20 + (2] (), sinGlex) cos(ky ) x

. (—§+ J%ﬂx(k? +i%) |z
(11

where H; (m) is the total hyporheic hydraulic head, Caump (-) is the hydrostatic damping factor
reflecting the ratio of surface water fluctuation to streambed topography fluctuation, Fr = ,—;’;—

VaPw
is the Froude number, vi (m/s) is the stream flow velocity, Dy, (m) is the stream water depth, g

(m/s% is the gravitational acceleration, (—J mi) is the dynamic head coefficient, ¢ (m”) is an
5,8V

.. . Ky or Ky, . . .
empirical decay coefficient, and @ = x—KJ— (-) is the anisotropy ratio.
Z

2.3 Separation of Multiscale Subsurface Flow on Scale Intervals

Groundwater—surface water interaction occurs across a wide range of spatial scales, from
centimeters to hundreds of kilometers. Regional groundwater flow circulates hundreds or
thousands of meters within the subsurface domain, whereas hyporheic fluxes spatial scale ranges
are in centimeters or meters. Due to the significant size difference between the circulation cells of
hyporheic fluxes and regional groundwater flow fields, a multi-scale modeling approach is
required to investigate the mutual impacts of these factors. The linearity of Equation (8) and the
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assumption of the same boundaries allows one to apply superposition principle to separate the
total hydraulic head H(x,y,z) into individual terms as follows:

H(x,y,z) =Hs(xy,2) + He(x,y,2) + Hr(xy) 12
where Hs(x,y,z) is the hyporheic hydraulic head fluctuation (i.e., detrended hyporheic huydraulic
head); He(x,y,2) is the catchment-scale hydraulic head fluctuation; and Hr(x,y) represents the
catchment-scale trend in water surface elevation (Figure 2). The separation between the
hyporheic and catchment-scale hydraulic head is arbitrary, implying that these entities represent
different scale intervals that, in principle, do not overlap. Therefore, two distinct spatial-scale
models can be used separately to represent the combined flow field of the hyporheic exchange
flow (Hs(x,y,2)) and the regional scale groundwater flow field (He(x,y,2)+Hr(x,y)). This combined
flow field is important for estimating the effects on the deep groundwater discharge as well as the
hyporheic flow behavior.

z

L.

baygp —% — — — — -

Figure 2. Conceptual sketch of the total hydraulic head (H) components along a surface
water pathway: hyporheic scale, Hs(x), catchment scale, Hc(x), hydraulic head
fluctuations, and the trend in the catchment-scale water surface elevation, Hr(x) (Paper
D

2.4 Hydrogeology

The vatiations in the spatial geological properties of the subsurface domains cause variations in
soil properties in both the horizontal and vertical directions. In particular, the heterogeneity of
hydraulic conductivity in Quaternary deposits reflects the availability of different soil types in the
watershed. Additionally, bedrock fracture size and the porosity of the subsurface domains
decrease in depth with increasing stress from above soil depth. This phenomenon leads to a
permeability reduction with depth for most geological formations. Previous studies have
indicated a nonlinear decay behavior with depth for various regions with different geological
properties (Streltsova, 1987; Lee & Farmer, 1993; Williams et al, 2006; Jiang et al., 2009).
Ingebritsen and Manning (1999) used geothermal data and metamorphic systems to suggest a
power-law function for the depth decay permeability:

¥
kp(2) = kp (f) (13)
where kp (m?) is the permeability, kp (m?) is the permeability at a specific depth, and D (m) and vy
(m) are the decay coefficients. Ingebritsen and Manning proposed that Kp=10", D=1000, and
y=3.2 represent the Earth’s crust. A few years later, Saar and Manga (2004) improved the depth-
decaying permeability function representing the top 800 meters of the subsurface domain with an
exponential function:

kp(z) = ksez/s (14
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where k, (m?) is the permeability at the topography surface, and & (m) is the skin depth suggested,
with a value in the range of 200-300 m. Additionally, Morén et al. (2017) conducted a field
experiment in a small Swedish stream (Tulltorps Brook) that measured the hydraulic conductivity
of the stream bed sediment at two different depths (3 and 7 cm) for 58 points along the stream
network (a 5800 m reach with an interval of 100 m). They discovered that the hydraulic
conductivity of streambed sediment decays exponentially with depth where the empirical decay
coefficient (1/8) can be quantified experimentally.

2.5 Topography-Controlled vs. Recharge-Controlled Regional Groundwater Flow
Solving the groundwater flow problems in unconfined aquifers requites prior knowledge of the
location of an area’s free-water surface. Essentially, gravity is the main force for groundwater
flow in a subsurface domain in which the variations in topography elevation and the geological
properties of the subsurface regions control the gravitational impact on the flow. In particular,
Haitjema and Mitchell-Bruker (2005) assumed that a water table follows the landscape
topography. In regions with humid climates and shallow Quaternary deposits, the groundwater
surface closely follows the topography variations, so groundwater flow is controlled by
topography. However, although the correlation between topography variation and groundwater
surface was observed (Low et al, 2002; Peck & Payne, 2003), many previous studies have
revealed a weak connection between water surface and topography elevation for certain
hydrologic conditions (Desbarats et al., 2002; Blazkova et al., 2002; Shaman et al., 2002).
Haitjema and Mitchell-Bruker (2005) developed a dimensionless ratio to distinguish topography-
controlled regions from recharge-controlled regions. This ratio is called the water table ratio
(WTR) and is expressed as follows:

2
WTR =22 = Zw (15)
d  mKDrp

where Ah (m) is the groundwater heaping, d (m) is difference between maximum terrain elevation
and the mean level of surface water, R (m/s) is the infiltration rate, Ly (m) is the mean distance
between the surface water resources, m (-) is a dimensionless coefficient (can be either 8 or 16
depending flow ditrection), K (m/s) is the hydraulic conductivity, and Dr (m) is thickness of the
aquifer. The region is classified as topography controlled for WTR = 1. On the other hand,
WTR < 1 reflects the higher impact of groundwater recharge (on groundwater flow) than that of
topography, and hence classified as the recharge-controlled region. Several investigations used the
observed water table in boreholes to apply an interpolation method to estimate the groundwater
surface for the whole catchment (Desbarats et al., 2002). However, this interpolation method did
not consider the existing geological formations within the area, the local slope variation, or the
depth of the soil layer. Regions with topography-controlled groundwater flow can often be
represented using a subdued replica of the digital elevation modeled data (DEM) of the landscape
topography as the water surface elevation. Furthermore, recharge-controlled groundwater flow
models suffer from the knowledge required regarding the spatial distribution of infiltration in the
unsaturated zone and the lack of datasets for evapotranspiration from vegetation (Marklund,
2009). The groundwater table in a humid climate (which is generally controlled by topography) is
represented as a subdued, smoothed replica of the landscape elevation. However, the correlation
between landscape elevation and groundwater surface may spatially vary due to infiltration. Thus,
the groundwater table is topography-controlled for surface water resources (e.g., lakes, streams),
whereas infiltration controls the groundwater level at high local landscape elevations (Desbarats
et al., 2002; Sanford, 2002). Previous literature has demonstrated the controlling impact of DEM
resolution on infiltration when decreasing the resolution (i.e., using a coarser DEM file) leads to
decreased infiltration (Marklund and Wérman, 2011; Wang et al., 2018). Therefore, the realistic
boundary condition can be numerically simulated through setting the landscape elevation at
groundwater discharge ateas (i.e., lakes and streams), but smooths (increasing mesh size) over the
rest of the domain to constrain the model with measured infiltration. The aforementioned
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method helps to set the Drichlet and Neumann boundary conditions at groundwater discharge
(i.e., lakes and streams) and recharge (i.e., the rest of the domain) regions, respectively.

3 MATERIALS AND METHODS

This chapter presents the study catchment, data, and the methods applied throughout this PhD
project. A numerical modeling approach and exact solutions were used to simulate the
groundwater flow and hyporheic fluxes, respectively. The applied exact solution was employed
due to the lack of high-resolution data, which are required for hyporheic flow modeling.
Additionally, a field investigation was conducted on one of the subcatchments at the study site to
evaluate the impact of stream flow discharge intensity on hyporheic exchange flow using the
observational data (Paper II). In addition, five different Swedish catchments were used in Paper
V to study the impacts of various topographic and hydrageomorpholocal factors on
groundwater—surface water interaction.

3.1 Site Description

This section presents detailed information of the study sites that were used in this thesis. The
Krycklan catchment was used in Papers I-V, whereas four additional Swedish catchments were
used in only Paper V.

311 Krycklan catchment

The Krycklan research catchment (64°14' N, 19°46' E) is located near the City of Umed,
northwest of Sweden with an area of 68 km?* (Laudon et al., 2013). This catchment is a well-
monitored catchment, where different types of data sets have been collected for more than 50
years. The land use of the catchment is dominated by forestry, and a large portion of the
catchment has been protected for almost a century. The stream discharge of the Krycklan
catchment was first recorded in 1981. Currently, there are 15 stations within the catchment
boundary that record the stream discharge in hourly resolution (Figure 3a). In this study, the
streambed morphology of the stream channels was measured, and the physical characteristics of
the stream channels were classified into 13 different groups (Laudon et al., 2013). The Krycklan
catchment is characterized by a cold, humid climate, and the landscape is covered by snow
throughout the entire winter. The average temperature of the Krycklan over the last 30 years was
1.8 °C, in which the highest and lowest temperature occurred during July (14.7 °C) and January (-
9.5 °C), respectively (Laudon et al., 2007). The mean annual precipitation (from 1981 to 2010) of
the catchment was 726 mm/y, from which half of the amount was estimated as runoff (382
mm/y), and the rest was annual mean evapotranspiration (344 mm/y; ©Swedish Meteorological
and Hydrological Institute, SMHI). Approximately half of the precipitation (35-50%) fell as
snow, which lay on the ground for approximately 167 days per year (Laudon & Léfvenius, 2016).
Additionally, the Krycklan catchment is mostly covered by till, silty sandy sediment, and silty clay
soil types. Silty clay and glacial sediment are mostly located along the stream network of the
catchment (OSveriges geologiska undersokning; ©Lantmitetiet, 2016). Additionally, bedrock
outcrop, glacial sediment, lake sediment, and peat have covered small regions within the
catchment (Figure 3a). The bedrock of the catchment includes Svecofennian gneissic bedrock
with metasediments covered by Quaternary deposit containing tills in highland regions. This
bedrock gradually changed to sandy sediment (up to tens of meters depth) toward the
downstream of the catchment (Lyon et al., 2011; Leach et al, 2017). Sterte et al. (2018) developed
a catchment scale numerical model of groundwater flow for the Krycklan catchment and
calibrated the hydraulic conductivity values of the different soil types (used in Papers I-V). Light
detection and ranging (LIDAR) measurement was conducted on the whole catchment to provide
the digital elevation model (DEM) data for the land surface. The DEM file has a resolution of 2
m and 1 cm for the horizontal and vertical directions, respectively. The Swedish Reference Frame
1999 SWEREF99 was applied at the national level. The maps of the study domain are based on a
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Transverse Mercator grid of this system, which is called SWEREF99TM. The highest elevation is
405 m above sea level (a.s.]), observed at the northeastern region of the catchment, whereas the
minimum topography is 117 m a.s.l at the catchment outlet. The bedrock surface elevation had a
10-m resolution and has been quantified using the boreholes information (©Sveriges geologiska
undersckning, SGU). The topography elevation ranges from 231 to 306 m as.l. between
discharge Stations 5 and 6 of the Krycklan catchment, where most of field investigations at
Krycklan catchment were conducted for Figure 3b (Paper II).
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Figure 3. (a) The Krycklan catchment map, along with available soil types, stream
network, and dischatge stations (Paper I-V); (b) The experimental subcatchment
between Discharge Stations 5 and 6, the topography elevation range, the existed river
network, and the lake sediment within the subcatchment (Paper II)

312 Additional catchments

In addition to the Krycklan catchment, which was used in all the papers of this thesis, Paper V
also used the Bodalsin (59°62' N, 18°60' E); Sivaian (59°50' N, 17°20" E); Tulltorpsin (55°28' N,
13°13' E); and Forsmarkan (60°22' N, 18°04' E) catchments. Forsmarkén is considered to be a
forested catchment, whereas Bodalsin, Sivadn, and Tulltorpsin represent forested or agricultural
regions. The mean annual discharge at the outlet of catchments, modeled by the Swedish
Meteorological and Hydrological Institute (SMHI), vary between 0.63 m’/s and 1.54 m’/s for the
four additional considered catchments in Paper V of the thesis (Bodalsin: 0.63 m*/s, Sivain: 1.54
m’/s, Tulltorpsin 0.73 m’/s, Forsmarkan 0.65 m’/s). All of the additional considered catchments
in Paper V have relatively similar yearly average precipitation to the Krycklan, where the mean
annual precipitation is always in the range of 600-700 mm (Bodalsin: 662 mm/yeat, Sivadn: 612
mm/yeat, Tulltorpsin 686 mm/year, Forsmarkin 667 mm/year). Furthermore, the depth of soil
layers vary among the catchments. For instance, the Bodalsan and Forsmarkan catchments are
shallower than the others (soil depth less than 5 m). Tulltorpsdn has the deepest Quaternary
deposits among all the considered catchments in this thesis (i.e., greater than 20 m soil depth),
and Sévaan has a soil layer in the range of 5-20 m of depth (Sridhar, 2020). Additionally, the
landscape topography elevation represented flat (Sdvadn, Forsmarkan) and relatively moderate
(Bodalsédn, Tulltorpsin) topographical elevations.

3.2 Numerical Model

The numerical modeling was conducted to analyze the hierarchically nested groundwater flow
process in the Krycklan research catchment and subcatchment. The numerical model evaluated
the variation in groundwater flow velocity and direction due to local and regional topography
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elevation fluctuation as well as the heterogeneity of the subsurface domain. In particular, the
groundwater exchange (i.e., discharge) velocity along the stream network was estimated, and the
relation between flow velocity and stream order was discussed (Paper I). Additionally, the deep
groundwater flow velocity (coming from 500 m depth from the surface) was evaluated within
bedrock, Quaternary deposits, and streambed sediment and its discharge zones at the topography
surface were assessed (Paper IV, V). The aims of the study were achieved via a numerical
modeling of the Krycklan catchment containing vatrious layers representing different geological
properties with a variable numerical mesh size. The finite element method was used to
numerically solve the groundwater flow equations. The impact of heterogeneity of subsurface soil
on groundwater flow velocity was investigated by applying two different types of hydraulic
conductivity in the numerical model of the field experimental reach: constant and heterogeneous
hydraulic conductivities of soil (Paper II). The variation in geological properties of the subsurface
domains were considered according to existing subsurface materials (i.e., sediment, soil, bedrock)
where the depth-decaying hydraulic conductivity of each subsurface domain was considered
(Papers I, IIL, IV, V).

The numerical model in Paper IV investigated the impact of the DEM resolution of the
groundwater table when applied as the head boundary condition on the magnitude of the
groundwater recharge. By adjusting the resolution, it was possible to fulfil the infiltration
constraint corresponding to the observed data. Decreasing the resolution led to a smoothing of
the groundwater table and a lower average groundwater flux at the surface, and the reverse
occurred when increasing the resolution. Hence, the variable DEM resolution of the groundwater
table helped to satisfy both the Dirichlet and Neumann boundary conditions in a single model.
This part of the study was conducted using a finer DEM resolution at upwelling regions
following the landscape topography and a coarser DEM resolution representing the groundwater
table over the rest of the catchment.

321 Groundwater model setup

The groundwater flow modeling was conducted using the subsutface flow package in the
COMSOL Multi-Physics software®. The groundwater flow model consisted of bedrock,
Quaternary deposits, and streambed sediment as well as a description of topography and bedrock
surface elevations. An equivalent continuum model was used for the bedrock domain in the
numerical modeling approach, and the Quaternary deposit were represented based on the soil
type map. Datcy’s law was used to solve the groundwater flow equation in steady state condition
through a finite element method. Thus, Equations 5 and 7 were solved using a numerical
approach in the modeling framework. Depending on the hypothesis and the availability of the
required data, 2D and 3D modeling were conducted (2D in Paper II and 3D in Papers I, 111, IV,
and V). The heterogeneity in hydraulic conductivity of Quaternary deposits was considered using
the soil type map and the estimated values from previous literature on the Krycklan catchment
(Sterte et al., 2018). Additionally, depth-decaying hydraulic conductivity was considered with
exponential functions (Equation 14) for different layers of the model (Figure 4).
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Figure 4. Conceptual sketch of the considered porosity, n, and depth-decaying hydraulic
conductivity, K, for difterent layers of the model, in which QD stands for Quaternary
deposits

A non-uniform numerical mesh was applied in the modeling approach, in which the mesh size
decreased toward the topography surface, particularly with local elevation variation. The bottom
flat surface of the model was assumed to be a no-flow boundary, whereas the lateral surfaces of
the rectangular domain were considered as constant head boundary. The modeling was classified
as a topography-controlled groundwater flow (i.e., the Dirichlet condition), meaning the
groundwater surface followed the variation in landscape topography elevation (Paper I, III, V)
but with possibilities for smoothing so that the infiltration or recharge condition of the area was
also satisfied (Paper IV). To satisfy the natural infiltration (Neumann condition), the study
employed a variable DEM resolution for the upward and downward regions at the surface.
Additionally, this operation was conducted to satisfy the infiltration constraint (Paper IV).

322 Particle tracing in regional groundwater

Papers 111, IV, and V concern the fate of deep groundwater flow in various subsurface strata
coming from possible repository locations in deep bedrock, especially including the behavior of
the discharge in surface water. Particle tracing helps to estimate the various characteristics of
groundwater flow, such as velocity and travel time, and determine the discharge locations of the
deep groundwater flow at the topography surface. Thus, a particle tracing was conducted by
releasing 10,000 inert particles at the depth of the possible repository location (500 m beneath the
minimum topography elevation). The particles were initially distributed in a 100X100 uniformly
spaced grid over a flat surface. The particle tracing was conducted using the calculated seepage
velocity consistent with Darcy’s law, which describes particle motion in terms of travel times and
trajectories. The inert particle travel time distribution in each subsurface domain was evaluated
using the seepage velocity, for which the travel time of groundwater flow through the subsurface
pores, and fractures were estimated (Equation 6). Furthermore, due to sorption and diffusion
processes, the transport times for reactive solutes, such as radionuclides, in subsurface strata are
higher than those of the groundwater flow seepage travel time. This leads to the retardation and
retention of solutes in subsurface domains over a certain time period. Therefore, a retardation
factor is often added in the solute transport process. In this study, the radionuclide transport was
evaluated for '°Cs within the subsurface strata using tsomtes = (1 + R) X tgpg, where toues (5)
and ty (s) are the solute transport time and groundwater seepage travel time in different
subsurface domains, respectively. Additionally, R (-) is the retardation factor in which the values
for bedrock and Quaternary deposits and sediment were Rwa = 10 and Rap, sedimen: = 500
(Woérman et al., 2004; Jakubick, 1979; Neretnieks, 1979). Finally, the particles were traced until
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they reached the topography surface or left the modeling domain. Papers III and IV considered
only the deep groundwater particles that eventually reached the topography surface.

3.3 Spectral Exact Solution

The fractal distribution of topography fluctuation of both landscapes and streambeds provided
the means to generalize the topography surface to a finer resolution over large streambed
networks for the available data. The spectral approach applied here divided the topography
variations into sets of harmonic functions with a power law between amplitudes and wavelengths
(Equations 9 and 10). Holding the same power coefficient for the entire wavelength interval
facilitates rescaling the topography surface. The variations in the dynamic and hydrostatic
components of the hydraulic head along the bed surface follows the streambed topography
fluctuations but are also affected by the hydrostatic damping factor and the dynamic coefficient
(Equation 11). Therefore, the rescaled Fourier series representation of the topography combined
with the hydraulic conductivity of the streambed sediment and stream flow velocity provide an
exact solution of the three-dimensional hyporheic fluxes induced by streambed topography
variation.

This analytical solution was used in Papers I, III, IV, and V. However, the applied exact solutions
to hypotheic flow fields in the analysis wete improved throughout this study. In particular, the
first version was applied based on the assumption of homogeneous hydraulic conductivity with a
fixed depth of the hyporheic model (Paper I, III). Next, the exact solution was improved, and a
depth-decaying hydraulic conductivity was assumed based on an exponential decay function that
was assessed from limited field data (Paper IV, V). Additionally, various types of sensitivity
analysis were applied to account for the existing uncertainty in estimating the hydrostatic and
dynamic head contributions.

The analytical solution was used to evaluate the hyporheic flow fields in the discharge locations
for the deep groundwater, which could not be estimated due to lack of observational data over
the stream network. Beyond this, the evaluated hyporheic flow field was required to investigate
the impact of hyporheic fluxes and regional groundwater flow on each other’s characteristics
(e.g., velocity, flow direction) near the stream water interface. Additionally, the contributions of
the hydrostatic and dynamic head components in the total hyporheic hydraulic head were studied
to highlight the importance of water surface elevation and surface water velocity under different
flow regimes.

331 Hydrostatic and dynamic head components of hyporheic flow fields

The hyporheic flow field depends on the contributions of the hydrostatic and dynamic head
components over the streambed surface (Equation 11). The hydrostatic head component defines
the variation in surface water elevation, which is different from the streambed topography
fluctuation. The hydrostatic head component can be estimated by introducing a damping factor
in bedform fluctuations. This damping factor is the ratio of stream water surface deviation to
streambed surface deviation in comparison to mean elevations. Specifically, the damping factor
depends on the wavelengths of the harmonic topography function and the flow regime. For
example, at large wavelengths, the water surface follows the stream bed surface more closely than
at shorter wavelengths. Thus, the hydrostatic damping factor for any arbitrary spatial wavelength
or flow type can be evaluated using the following equation:

Caump(F, )=t (F1) B() Canrmp(Fleet, M) (16)
where the a(Fr) and B(\) (-) are the coefficients applied for variations in flow regime (-) and
wavelengths (m), respectively; and the index r¢f represents the reference region displaying the
observed data of Morén et al’s (2017) field investigation (Paper I). Based on open channel
theory, the ratio of the deviations of the water surface elevation to bedform elevation has a
reverse correlation with the square of the Froude number under the steady-state condition:
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where Dy (m) is the depth of surface water, and Zs (m) is the bedform elevation. This calculation
implies that a higher Froude number (i.e., the shift of the flow regime toward super-critical flow)
leads to a shallower water depth compared with streambed surface fluctuation. Beyond this,
assuming the direct relation between Caump % dDw/dZs leads to the following equation:

_ Cdamp[Fr-A] _ Frrgef_l
a(Fr) - Cdamp (FTref.A) T Fri-1 (18)
Furthermore, the data measured from a field investigation conducted by Morén et al. (2017) were
used as the reference dataset to evaluate the hydrostatic damping factor in Paper 1. The power
spectra ratio is the square of the hydrostatic damping factor, as demonstrated below:

P (4, 2
Re = 2as = Gty ~ Caamp(FrrepArer) 19
where Rp (-) is the ratio of the power spectra of the stream water surface elevation, Pys (rnz), to
the streambed topography elevation, Pgs (m?); A (m) is the amplitude of the rescaled fluctuation;
and i and j are the wavelength numbers in x and y directions, respectively. Considering the
Froude number given by Morén et al., (2017), the hydrostatic damping factor in Equation 17 can
be represented as follows:

Cdamp(Fr- ) = (_:};2381?)( RP(Frref-Aref) ) (20)

In Paper I, the power spectra ratio was fitted with an exponential function in which three
additional exponential trends were considered as part of a sensitivity analysis (Figure 5).
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Figure 5. Ratio of water surface power spectrum to bedform power spectrum, Rp =
Pys/Pgs, used to estimate the hydrostatic damping factor in Paper I. Colored dots
represent observed values from Morén et al. (2017), and the black line is the fitted value
as a function of wavelength. (a) Fitted exponential function to the observed data; (b)
Four exponential curves describing Rp, in which the dashed black line is the
extrapolated exponential trend of Rp of the observed data as a fiunction of wavelength.
The colored, dashed lines are the three additional exponential curves representing Rp as
functions of wavelength used to investigate the sensitivity of the hydrostatic head
damping factor to the streambed-induced flow field.
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On the other hand, the dynamic head component of the hypotheic flow fields resulted from the
difference in the upstream and downstream flow velocities of the bedform. This component can
be presented by introducing a dynamic head coefficient to the topography fluctuation (Elliott &
Brooks, 1997a, 1997b). The dynamic head coefficient, which was previously expressed in

Equation 11 (ie., g—m@)’ is based on the standard deviation of fluctuation in the bedform
55V

evaluation, osp (m), and the velocity head amplitude, hy, (m). The amplitude of the velocity head
variation for a sinusoidal bedform shape is represented as follows (Fehlman, 1985):

(ZB/DW)SR%

0.34

Zem/ <034
2 - .
h,, = 0.28 (3) s Dw @1
2g (ZB/DW) /2

ZBM
s /Dw > 0.34

where Zy (m) is the height of the bedform variation and is estimated by Zs =2+/2a5 5 (Stonedahl
et al. 2010). The stream water velocity, v, and water depth of the stream channel, Dy, are
quantified from directly measured values at the discharge stations (Figure 3) or estimated values
using the proportion of the subcatchment area of the stream segments to the discharge stations’
subcatchment area. The dynamic coefficient and hydrostatic damping factor spatially vary
between the stream reaches within the catchment due to variations in streamflow velocity, flow
depth, and Froude number.

332 Spatial representivity of hyporheic flow models

Due to the uncertainty in the hydrostatic head damping factor and dynamic head coefficient,
various sensitivity analyses were conducted to provide an estimation of the degree of
representivity of hyporheic flow models. Bedform topography variation, stream flow parameters
(i.e., flow velocity and flow depth), the hydrostatic damping factor, and the depth of hyporheic
zone were used in the applied sensitivity analyses to addtess the uncertainties in the hydrostatic
and dynamic head contributions. Since the aim of these papers was to investigate the impacts of
hyporheic fluxes and regional groundwater flow fields on each other; the hyporheic flow models
had to be analyzed at many points of the watershed where the regional groundwater flow was
evaluated. Finally, a combinatorial sampling on streamflow properties, topography realization, the
hydrostatic damping factor, and the depth of the hyporheic zone was conducted as the applied
sensitivity analysis in Paper I (Table 1). Next, Papers III and IV used Monte Catlo stochastic
sampling to addtress the uncertainties in flow properties, topography realization, and the
hydrostatic damping factor. Finally, details of the number of samples and description of each
parameter in each scientific paper are described in Table 1.
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Table 1. Schematic Description and Summary of the Considered Samples in the

Sensitivity Analysis
Flow
Properties Hydrostatic .
Sensitivity Analysis Method (Stream Flow Topograp hy Damping Hyporheic
. Realization Depth
Velocity and Factor
Depth)
No-. of 14 20 4 2
Samples
Paper It
Combinatorial Stream Selected from vaaluatet’l Two different
Sampling Descrin segments different mnf 1\;[811‘(;1 hypotheic
Procedure escription representing parts of etal. ( ) depths (0.1 m
different field
catchment and 4 m)
stream orders measurement
Paper III, No. of 30 20 400 -
Samples
Paper IV: Groups based
Monte Carlo p Selected from Random .
. on deep . Depth decaying
stochastic . different number .
. Description | groundwater - hydraulic
sampling (400 . patts of within 0—1 -
discharge . conductivity
samples) . catchment interval
points

3.4 Superpositioning of the Flow Fields

In this study, supetimposing the groundwater flow fields with the hyporheic scale flow facilitated
investigating the interaction between groundwater and hyporheic exchange fluxes. The individual
flow fields for regional groundwater and hyporheic fluxes were evaluated separately and then
superimposed on each other (Equation 12). Depending on the hypothesis of each paper, the
superpositioning was conducted in either 2D (plains representing the streambed sutface) or 3D
(volumes containing the streambed sediment). Paper I focused on the impact of groundwater on
the hyporheic flow field at the streambed interface. Hence, the groundwater flow velocities from
different stream orders were extracted on a 2D surface (5X5 m? surface at the streambed
interface; top surface of the 3D volume) from the streambed interface of the regional
groundwater model. Next, these data were superimposed on the corresponding estimated
hyporheic flow velocities at the topography sutrface. On the other hand, Papers III and IV
focused on the impact of hyporheic fluxes on regional groundwater beneath the deep
groundwater discharge locations at the topography surface. Consequently, the superpositioning
was conducted in 3D domains, where the 5X5X5 m’ cubes were extracted from the deep
groundwater discharge locations of the regional groundwater model and superimposed on the
corresponding estimated hypotheic flow fields in 5X5X5 m’ domains. These superimposed
models contained the flow velocities including both the regional groundwater and the hyporheic
flow fields, facilitating the detailed study of convoluted nested flow process.

3.5 Statistical Analysis in Evaluation of Catchment Characteristic Parameters

Groundwater—surface water interaction across spatial and temporal scales depends on the
subsurface properties that can influence the groundwater flow field. Hence, investigations of
catchments’ key independent (characteristic) parameters provided the required knowledge for
generalization of subsurface flow results. Various catchment properties represented the
following: local and regional landscape topography indexes (i.e., landscape elevation, e (m);
standard deviation of landscape elevation, e (m); landscape topographical slope, S (-); gradient
to closest stream, GtS (-); mean subcatchment size, MSC (m?); standard deviation of elevation
along the stream, Z-Strqa (m); elevation above the stream, EaS (m); area of the subcatchment,
A (m?); distance to the catchment outlet, Ds (m); geological properties of the catchment (i.e.,
hydraulic conductivity of the soils, K (m/s), depth of the Quaternary deposits, Zq (m)); the
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hydraulic properties of the streams (i.c., level, SW, (m), and slope, SW (-)) of the spectral water
density of the water surface profile; stream order, SO (-); stream water discharge, Q.. (m’/s); the
cross-sectional area of stream channel, Ay, (m?); the width of the stream channel, Wy, (m); the
depth of the stream water, Dw (m); the velocity of stream water, Use (m/s); the slope of the
stream channel, Sy (-); stream length, L. (m); the stream flow Reynolds number, Re (-), the
stream water Froude number, Fr (-); the Darcy—Weibach friction factor (-); and stream power,
Ste-P (N/s). All of these factors were used as independent (explanatory) variables during
statistical analysis to determine the importance of those parameters for dependent groundwater
and hyporheic flow velocities (Papers I, V). Additionally, Paper V used the averaged values of the
independent parameters across three different scales: the reach scale, the intermediate
subcatchment scale, and the regional catchment scale. The reach scale involved stream segments
longer than 50 m without any tributaries, the intermediate subcatchment scales involved clustered
adjacent subcatchments followed by the stream network, and the regional catchment scale
involved the individual five considered catchments (Paper V). Principle component analysis
(PCA) was used to identify the most essential explanatory parameters in a set of variables, and
this operation was performed using a dimensional reduction method. Due to the large variation
of the range of the considered parameters, the PCA was conducted on both raw data and the
standardized datasets. Additionally, a multivatiate power law regression model was used to find
the correlation between the ratio of regional groundwater velocity over hyporheic exchange flow
velocity and the independent catchment characteristic parameters:

zi_: — fl 6152 6253 - Cn§n+1 (22)

where We (m/s) and Ws (m/s) are the mean values of absolute vertical velocity of the regional
and hyporheic scale models along the stream network, & (-) is the coefficient, and C refers to the
independent characteristic parameters considered in the regression analysis. The performance of

the model was evaluated by R?, and adjusted R* (i.e., R éd i)

3.6 Field Investigation

The impact of various stream discharge intensities (i.e., representing different climatic conditions)
on hyporheic exchange fluxes was studied through a field investigation during the summer of
2017 (7-24 of August; Paper II). The field investigation focused on a 1500-m stretch of the
stream located between two discharge stations, namely C5 and C6, of the Krycklan catchment,
where the C5 is located on the upstream side of Lake Stortjirn (Figures 3b and 0).

3.0.1. Field measurement

During the experiment, the stream water discharge was regulated by a gate at a V-notch weir
located at Discharge Station C5. The weit’s gate was completely closed for almost 3 weeks (7-24
of August) to simulate the low flow discharge intensity (representing the dry period) for the
downstream side of the weir. Water pumped two times (August 19 and 21) into the experimental
reach (from the upstream side at Station C5) to simulate high flow pulses. Details of the flow
discharge intensities are provided in Table 2. Next, the stream water depth was measured every
50 meters along the stream segment on five different occasions to represent normal flow (May),
summer base flow (August), low flow (during the experiment), and high flow (when the water
was released twice from the weit’s gate at the end of the experiment) conditions. Temperature
was used as a natural trace element to assess the impacts of different flow discharges on surface
water—groundwater interactions. Hence, the multi-level temperature sticks (MLTS) were installed
at seven-point locations at the streambed interface along the stream network, representing both
gaining and losing stream segments, as suggested by Leach et al. (2017). The temperature profiles
were recorded at the following distances from the outlet of Lake Stortjirn toward Station C6:
150, 200, 350, 550, 620, 975, and 1100 m (Figure 6). The lengths of the temperature sticks were
66 cm (at 150, 200, 350, 550, 620, 1100 m) and 105 cm (at 975 m). The temperature was recorded
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at -60, -35, -25, -20, -15, -10, -5, and 0 cm from the head for the short sticks (i.e., 66 cm length),
whereas the depths of the sensors were at -83, -65, -48, -31, -23, -17, -13, and 0 cm from the head
of the lance for the long stick (105-cm temperature stick located at 975 m). The temperature was
recorded at a 5-min temporal resolution throughout the entire experimental period.
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Figure 6. Map showing the field investigation subcatchment and its topography and
Lake Stortjirn, the main river within the subcatchment, and its tributaries. Additionally,
the upstream (C5) and downstream (C6) discharge stations are shown. The location of
the V-notch weir and temperature lances are also presented.

Table 2. Details of the Flow Discharges of the Stream Stretch During the
Field Investigation

Mean
Mean
Flow . . Upstream
. Time Period : Downstream
Discharge Discharge Dischage [L/s]
[L/s] 5
Base flow 03-07Aug,. 8.71 10.8
Low flow 07-19 Aug. 0.22 1.56
High flow 1 19 Aug. (07:22 until 18:17) | 25.59 27.96
High flow 2 21 Aug. (06:15 until 09:07) |25.57 30.09

3.6.2. Flow modeling of the field investigation

A two-dimensional numerical model of longitudinal transect along the main stream network of
the field study area was developed using COMSOL Multiphysics® softwate. The stream
morphology was represented with a 50-cm resolution DEM file. The bedrock surface elevation
with 10 m resolution (©Sveriges geologiska undersékning, SGU) was used in the numerical
model. Next, two different scenarios of streambed sediment hydraulic conductivity were analyzed
regarding surface water—groundwater interaction. This analysis used the following elements: (a) a
constant hydraulic conductivity of 10* (m/s) for the entire subsurface domain (i.c., streambed
sediment and Quaternary deposits); (b) a depth-decaying hydraulic conductivity based on
Equation 14 for the top meter of the subsurface region (i.e., representing streambed sediment),
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beginning with the hydraulic conductivity of 10* (m/s) at the sediment—water interface and
decaying to 107 (m/s) at the depth of 1 m; and the rest of the Quaternary deposit (deeper than 1
m from the topography) assumed to have a hydraulic conductivity of 107 (m?), representing the
glacial sediment soil type of the Krycklan catchment (Sterte et al., 2018). Individual models were
developed for each of the flow discharge intensities where the steady-state condition was applied
for the subsurface flow modeling. The measured water level values of the discrete observational
points (each 50-m interval) were linearly interpolated (at 0.5 m resolution) along the main river
network during different discharge intensities. The interpolated water level reflecting hydrostatic
hydraulic head was used as the top boundary condition of the numerical models. Consequently,
the role of the dynamic hydraulic head due to additional pressure induced by streamflow velocity
over the bedform was neglected in Paper II. Furthermore, the fixed head boundary condition was
used for both the upstream and downstream sides of the model, but no flow boundary condition
was applied on the bottom surface. A particle tracing routine was applied by releasing 1,000
uniformly spaced inert particles distributed across the streambed sediment to evaluate the
impacts of discharge intensity on hyporheic flow residence time and depth of hyporheic zone. In
this study, the residence time of hyporheic flow, t (s), was defined as the time taken by the
hyporheic water to flow from the recharge at the streambed interface into the subsurface domain
until returning to the streambed interface again.

3.7 Particle Tracing in the Hyporheic Zone

Changes in direction and travel time of groundwater flow near the streambed surface due to the
impact of hyporheic fluxes were the main parameters investigated to deduce the impact of
hyporheic exchanges’ fluxes on groundwater flow fields (Paper I1I, IV). The extracted 5X5X5 m’
cubes from the regional groundwater model contained both intermediate groundwater and deep
groundwater flow. In this context, intermediate groundwater flow is the groundwater flow field
that has never been in the bedrock layer, and its entire flow path is confined to the Quaternary
deposit and streambed sediments (Figure 7). The particle tracing in the hyporheic zone was
conducted by releasing particles at inflow points along the streambed using a grid of 50%50 inert
particles uniformly distributed at the bottom surface of the 5X5X5 m® cubes. However, these
particles represent only the intermediate and deep groundwater flows in superimposed 5X5x5 m’
cubes. Next, the particles were tracked within the streambed domain until reaching the top
surface or leaving the cubes from the lateral surfaces. The impact of hyporheic fluxes in nested
flow systems near the streambed surface was investigated using the variation of travel time of
each individually released particles in both the absence and presence of hyporheic flows.
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Figure 7. Schematic cross-sectional sketch showing the multiscale flow processes
considered in the present study. The catchment-scale model covers only the deep and
intermediate groundwater flow fields (blue and green solid lines), whereas the
streambed-scale model evaluates the hyporheic fluxes (red solid lines). The
superimposed deep and intermediate flows (blue and green dashed lines) are influenced
by hyporheic fluxes.

3.8 Fragmentation of Coherent Discharge and Recharge Areas

The surface water—groundwater interaction in a hyporheic zone influences the recharge and
discharge areas of both of these water types at the stream water interface. Additionally, the spatial
distribution of regions with gaining or losing conditions at the streambed interface was
investigated during this PhD study (Papers I, 11, III, and IV). The gaining condition was defined
as discharge areas at the streambed interface containing only upwelling flow, whereas the losing
condition occurred in the regions with only downwelling fluxes. The fragmentation analysis was
performed on an orthogonal mesh with the spatial resolution of 0.1X0.1 m®, where the exchange
velocity at the streambed interface was taken in an orthogonal direction (not in diagonal
directions). Coherent areas with flow in only the upward or downward direction were represented
by a cumulative distribution function (CDF), in which the frequencies of the sizes of spatially
coherent areas were weighted by their areas (i.e. area percentage). Fragmentation of coherent
exchange flow areas is the distribution of coherent upwelling or downwelling areas, where
increasing fragmentation referred to a shift in the CDF toward smaller areas. Additionally, the
fragmentation of hyporheic fluxes at the streambed interface under the influence of regional
groundwater flow was investigated in Papers I and II. At the same time, the fragmentation of
coherent upwelling areas containing the deep groundwater flow along the streambed topography
was studied in Papers IIT and IV.
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4 RESULTS AND DISCUSSION

In this section, the most important results of this thesis project are presented. This project
produced the five attached papers, which investigate the complexity of surface water—
groundwater interaction occurring within streambed sediment. This study followed the applied
methods in evaluating the regional and hyporheic flow fields, separated by utilizing the numerical
model, exact solution, and the field investigation. The results presented in each section are
followed by a brief discussion; however, detailed discussions are found in the discussion section
of the appended papers.

4.1 Representing Groundwater Elevation with Landscape Topography

Landscape topography elevation is often used as the top boundary condition in terms of the
hydraulic head for the regional scale groundwater flow modeling. This condition is a simplified
reflection of the fact that the groundwater surface elevation is often a subdued, smoothed replica
of the landscape topography. This assumption is valid for a region with a humid climate and
shallow soil depth, containing bedrock with low permeability properties. However, the natural
boundary conditions can be exactly represented by applying landscape topography elevation for
the landscape regions where surface water exists (the Dirichlet boundary condition), whereas
infiltration prevails for the rest of the terrain (the Neumann boundary condition). Over
infiltration regions, the groundwater table is smooth and subdued compared with the landscape
topography, aspects that can be represented by reducing the resolution of the landscape DEM
before being applied as representations of the ground water table. Previous research has
illustrated the impact of the DEM resolution on modeled groundwater flow fields, when
increasing the DEM mesh size leads to a lower modeled groundwater exchange velocity at the
top boundary, meaning lower infiltration (Marklund & Wérman, 2011; Wang et al., 2018). In
Paper IV, we successfully decreased the DEM resolution only over the recharge zones through
an iteration process so that the recharge rate corresponded to the infiltration estimated
independently from the data. The mean value of regional absolute vertical velocity at the top
surface, {|Wc|), was used to highlight the difference between application of original DEM
resolution and the revised variable DEM resolution on modeled groundwater flow. The results
indicated that using the 2-m resolution of the DEM file (the resolution of the original DEM
dataset) for the entire topography surface of the Krycklan catchment led to a 3,073 mm/year
groundwater flux at the topography surface. At the same time, decreasing the DEM resolution to
70-m, 84-m, and 120-m resolutions of only recharge areas substantially decreased the
groundwater flux at the topography surface to 542 mm/year, 379 mm/year, and 203 mm/year,
respectively (Figure 8). The groundwater flow velocity at the water table (z=0) resulted from the
Krycklan topographical DEM file with resolution of 84-m (over the downwelling zones), and 2 m
(over the upwelling zones) was approximately equal to the annual mean run off value from the
precipitation rate (382 mm/year); and thus, it was kept as the plausible DEM file for modelling
set up (Paper IV). Application of the variable DEM resolution file as the input for the regional
groundwater model made it possible to satisfy the natural boundary condition of both the
Dirichlet (i.e., topography-controlled head at lakes and streams) and the Neumann (i.e., recharge-
controlled head at terrain with downward flow direction) boundary conditions in a single model.
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Figure 8. Mean values of the absolute vertical velocity of the catchment-scale
model, {|W¢|), in depth. The results concern the value of {|W¢|) using a 2-m resolution
DEM (red line) and a variable-resolution DEM with 2 m (at upwelling regions) and 70
m (at downwelling regions) (black line); 2 m (at upwelling regions) and 84 m (at
downwelling regions) (blue line); and 2 m (at upwelling regions) and 120 m (at
downwelling regions) (magenta line) (Paper IV).

4.2 Regional Groundwater Flow Results

Analyzing the results of the regional groundwater flow model facilitates understanding of the fate
and transport of solutes and contamination catried by groundwater flow from different spatial
scales, including deep and intermediate convoluted flow fields (Carucci et al., 2012). In particular,
the study examined the fate and transport of hypothetical radiological contaminants leaking from
an HLRW and carried by deep groundwater flow. This analysis involved releasing 10,000
uniformly distributed particles located at a depth of 500-m (Paper IV). Additionally, the
distribution of travel times (evaluated by seepage velocity) of the deep groundwater fluxes was
presented for different subsurface layers (i.e., bedrock, Quaternary deposits, and streambed
sediment). The results indicated substantial variations in the travel times of inert particles
(representing deep groundwater fluxes) released at 500-m depth in different layers, where the
median travel times in bedrock, QD, and streambed sediments were 750, 10, and 8 years,
respectively (Figure 9). These variations arose from different porosities, hydraulic conductivity
values, layer thicknesses, and variations in groundwater flux intensity reaching the subsurface
layers. The travel times for deep groundwater flow in QD and streambed sediment are
approximately in the same order, whereas the travel times for flow in the bedrock domain are
one to three orders of magnitude greater. However, including the retardation of solutes due to
the adsorption process can significantly increase the solutes’ transport time in subsurface strata,
especially in Quaternary deposits and sediment layers. In particular, the transport time of *°Cs
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were found to be in the same order of magnitude, about 1,000 years, within all of the subsurface
domains (bedrock, QD, and sediment). These results could highlight the importance of QD and
streambed sediment in safety assessment programs compared to those of the bedrock domain,
where radionuclide transport is more prolonged in aquatic sediments than in the bedrock
domain. Consequently, the retardation and prolonged transport times of radionuclide compounds
in the shallow subsurface domain may prolong and increase the exposure of agricultural products
and aquatic habitats (Avila et al., 2013; Torudd & Saetre, 2013). Therefore, despite the shorter
travel time of the radionuclide transport in streambed sediments for inert solutes compared with
the spent time in bedrock and Quaternary deposits, the greater retardation of radionuclides
increases the risk of radiological doses to humans and other living biotas. The latter condition
makes the aquatic sediments a unique environment that should be investigated in detail in the
safety assessment of certain leakage scenarios from the HLRW.
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Figure 9. Cumulative distribution function plot of the water travel time (solid blue line)
and " Cs transport time (dashed red line) in (a) bedrock, (b) Quaternary deposits, and
(¢) sediment domains. These results correspond to the particles with initial positive
vertical velocities, which were released from a depth of 500 m from the minimum
topography elevation and reached the top surface (Paper IV).

The discharge locations of deep groundwater flow at the topography surface follow the location
of surface water objects, especially the stream network (Marklund et al., 2008). In this study, the
results of the regional scale model’s patticle tracing revealed that almost half of the particles
released at a depth of 500 m (i.e., 4434 particles) represented the upward deep groundwater flow
(with positive vertical velocity at their initial positions). In this flow, 2,743 particles eventually
reached the topography surface of the watershed model domain (Paper IV). Figure 10 displays
the discharge locations of the deep groundwater flow at the topography surface (which were
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evaluated using the aforementioned particle tracing approach). In these areas, 1,552 discharge
points were located within the catchment boundary, and 1,191 reached the topography surface
outside of the Krycklan catchment boundary (Paper IV). The majority of discharge points aligned
as well as expected with the stream network (approximately 90% of the discharge points) and
lakes (approximately 10% of the discharge points), reflecting the role of local topography
elevation gradient in subsurface flow circulation. The clustering of the discharge points along the
stream network and lakes was due to the fractality of the topography surface and the hierarchic
nature of the groundwater flow cells, demonstrating a controlling effect on the regional
groundwater circulation (Woérman et al., 2007; Marklund & Woérman, 2011). Additionally,
convergence of the deep groundwater discharge toward the surface of the landscape
demonstrated a reduction in the area contaminated by radionuclides that could leak from an
HLRW in the future. Notably, most of the discharge points are found in the downstream region
of the catchment, where the topography is relatively flat, containing soil with higher hydraulic
conductivity and a deeper Quaternary deposit compared with the upstream regions of the
catchment. Similar conditions were found by Marklund et al., (2008) and Caruso et al., (2016).
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Figure 10. Discharge locations of the particles released from a depth of 500 m from the
minimum topography elevation of the catchment. The discharge locations are
represented by purple points. Additionally, the topography elevation range is presented
with contours in which colors range from blue to red as the elevation increases. The
stream network and the catchment boundary are represented by the blue line and gray
zone, respectively (Paper IV).
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The regional groundwater flow along the stream network contains both upward and downward
flow directions but predominantly upward because the stream system facilitates drainage of the
watershed. The absolute value of the groundwater flow velocity expresses the magnitude of the
water flux regardless of its direction. Beyond this, the topography variation and the heterogeneity
of hydraulic conductivity of the subsurface domain impact the magnitude of the groundwater
flow at the streambed interface (Conant, 2004; Rinderer et al., 2014). Thus, the study used stream
order to represent location variation in the catchment from upstream to downstream. For this
reason, variation of subsurface soil type was used as the criterion by which to study the
magnitude of groundwater flow at the stream water interface (Paper I). Furthermore, areal mean
value (based on 5X5 m”® regions surrounding the stream network) of absolute vertical exchange

velocity at the groundwater-surface water interface, [W¢|, was evaluated for different stream
otders (i.e, first, second, third, fifth) to highlight the variability of the groundwater recharge and
discharge within the catchment. First-order streams located in headwaters reflects relatively
higher elevation compare to other stream orders; whereas fifth-order streams located
downstream part of the catchment close to outlet in which the region has relatively flat
topography surface and deep Quaternary deposits (refer to Paper I for the location of selected
stream orders). As shown in Figure 11, the groundwater exchange fluxes have higher intensity in
first-order streams than in other stream orders. The results showed no clear difference between
the second, third, and fifth stream orders, whereas there was a considerable difference in the
range of their interquartile. This result was due to the number of selected stream segments for
each stream order. For instance, only one stream segment was selected for the fifth stream order
(there was only one fifth-order stream accessible at the study site). In addition, the shorter
interquartile range indicated a larger homogeneity of factors controlling groundwater flow in
first- and fifth-order regions of the study site.
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4.3 Hyporheic Flow Results

Hydrostatic and dynamic head contributions to the total hyporheic hydraulic head along the
streambed interface control the magnitude of the hyporheic flow field. Previous studies have
highlighted the importance of Froude number and streambed topography fluctuation in
evaluating the hydrostatic and dynamic head components of the hyporheic head (Tonina &
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Buffington, 2007; Kiser et al, 2013). In this study, the fractal nature of the bed topography
fluctuation (Jerolmack & Mohrig, 2005; Nikora et al., 1997; Wérman et al, 2007) allowed
generalization of streambed topography to a wide range of spatial scales for the evaluation of
hyporheic flow. Therefore, a rescaled topography was used to represent streambed topography
and to separately define the hydrostatic and dynamic head contributions. This goal was
accomplished by introducing a hydrostatic damping factor and a dynamic head coefficient
(Section 3.3.1). Additionally, the depth of the hyporheic zone (i.e., depth to the “no-flow”
boundary in hyporheic flow modeling used in Paper I) controls the magnitude of hyporheic
exchange flow velocity and thus the flow residence time in streambed sediment (Morén et al.,
2017). Hence, two different sampling approaches, deterministic-combinatorial (Paper I) and
stochastic Monte Carlo (Paper III, IV) samplings, were used for different parameters included in
sensitivity analysis to cover the existing uncertainties in the hydrostatic and hydrodynamic
components of total hyporheic hydraulic head (Table 1). The results of the combinatorial
sampling analysis on 18 stream segments (representing first, second, third, and fifth stream
otders) expressed with the areal mean value of absolute hyporheic vertical flow velocity, |Ws|,
highlighted the predominant role of the hydrostatic damping factor compared to the dynamic
head coefficient on the magnitude of total hyporheic hydraulic head (Paper I). In addition,
considering a fixed, no-flow boundary at shallow depths in hyporheic modeling (refer to the
depth of hyporheic fluxes in Paper I) increased the impacts of local bedform variation; an impact
represented as “shielding effect” plays a crucial role on the hyporheic flow components,
especially since it changes the magnitudes of hydrostatic and dynamic flow components up to a
single order of magnitude (Figure 12). The role of dynamic flow contribution was more evident
in first-order streams representing the headwaters where the Froude number was higher than in
the rest of the stream orders. Furthermore, the shallower hyporheic zone resulted in an increased
shielding effect, leading to higher magnitudes of hydrostatic and dynamic head components and
hence higher hyporheic exchange fluxes.
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Figure 12. Box and whisker plots of the areal mean values of the vertical components of
streambed-scale-induced flow velocities in 5x5 n’ areas from different stream orders
assuming four different scenarios of the damping of the surface water fluctuations and
depth of the hyporheic zone: (a) Rp: and ¢=0.1 m; (b) Rp: and e=4 my; (c) Rp4 and ¢=0.1
my (d) Rpy and e=4 m (Paper I)

The impact of hyporheic fluxes on deep upwelling groundwater within the streambed sediment
can significantly affect the retardation of radionuclide compounds that are leaking from the deep
waste repository and discharge with deep groundwater flow in aquatic sediments. In turn, this
process affects the risk of radiological doses’ entering humans and other living biotas. Papers III
and IV used a Monte Carlo sampling method to explore the uncertainty in hydrostatic and
dynamic head coefficients at the deep groundwater discharge zones. The method used 400
randomized combinations of hydrostatic damping factor (from a uniform distribution in the
range of [0—1]) and streambed topography (from 20 arbitrary realizations of the bedforms) for
stream segments identified in 30 different subcatchments (representing streamflow properties
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such as flow velocity and flow depth). The results highlighted the role of the Froude number of
the stream flow for the dynamic head; whereby higher Froude number led to a relatively
increased contribution of the dynamic head (Figure 13). Additionally, the results presented in
Paper IV indicated that the hydrostatic head component dominated the total hyporheic hydraulic
head for Froude numbers less than 0.45. However, most of the applied stream flow properties in
Paper IV were associated with a Froude number less than 0.45. All of the results from this
project demonstrated that the hyporheic flow field always had a mean value in the range of 10—
10° (m/s) at the streambed. Furthermore, these results indicated that hydrostatic head
contribution has a more significant role than dynamic head contribution in the total hyporheic
hydraulic head, a fact neglected in previous studies (Caruso et al., 2016; Marzadri et al., 2014).
This neglect has led to underestimation of the hyporheic flow field and may result in a lower
hyporheic flow contribution to upwelling subsurface discharge flow at the streambed interface
compared with that of the regional groundwater flow contribution.
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Figure 13. Streambed-induced hydraulic head factors that were used in the Monte Carlo
simulation for different areas in different parts of the study catchment sorted by Froude
number: (a) distribution of the dynamic factor for each drainage area, (b) distribution of
the hydrostatic damping factor for each drainage area, (c) mean value of dynamic
coefficient (blue color) and hydrostatic damping factor (red color) for each drainage
area

4.4 Groundwater—Surface Water Interaction

The groundwater—surface water interaction occurring within the hyporheic zone was investigated
from two different perspectives. These were (a) the influences of groundwater flow on hyporheic
fluxes (Paper I) and (b) the impacts of hyporheic flow on the upwelling groundwater discharge
zones (Paper 111, IV). One implication of groundwater—surface water interaction is the change in
both surface water and groundwater flow residence times within the hyporheic zone, affecting
the diversity of aquatic habitat and the quality of the surface water (Poole et al, 2000).
Additionally, the heat and solute transported via groundwater impact the hyporheic exchange
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flow quality (Bhaskar et al.,, 2012). In general, the regional groundwater influences the depth of
hyporheic zone, whereas the hyporheic exchange flow field influences the upwelling groundwater
velocity and direction (Cardenas & Wilson, 2006; Boano et al., 2009). During this study, the
impacts of different topographical scales for the subsurface flow were investigated by applying
superpositioning of different scale intervals based on Equation 12. This process was motivated
by the linearity of Equation 8. The changes in flow velocity, flow direction, flow travel time, and
the sizes of discharge zones were investigated in this study to reflect the importance of
topography in the hierarchically nested flow structure. Previous investigations have considered
only the dynamic head contribution of the hyporheic hydraulic head in interactions between
surface water and groundwater (Catruso et al., 2016; Marzadri et al., 2014). However, these results
highlighted the major role of the hydrostatic head in the total hyporheic flow field. Neglecting
this impact could lead to exaggeration of the importance of groundwater flow contribution in the
nested flow system at the streambed interface.

4.4.1 Flow velocity: Groundwater flow and hyporheic exchange fluxes

The impact of groundwater flow on hyporheic flow velocity was evaluated through comparisons
between contributions of hyporheic exchange fluxes and groundwater flow in total subsurface
nested flow velocity at the streambed interface for different stream orders. The results in Paper I
indicated that the mean values of absolute vertical velocity (averaged over stream order) of the

hyporheic fluxes, |Ws|, were always greater than the mean values of absolute vertical velocity of

regional groundwater, |[W;|, at the streambed interface, regardless of the assumed hydrostatic
damping factor and stream flow properties (Figure 14). However, increasing the hydrostatic
damping led to increased suppression of the hyporheic flow velocity and, consequently, the larger
contribution of the groundwater flow in total subsurface nested flow velocity. The hydrostatic
damping factor was hypothesized to be a function of topographical wavelength and stream flow
Froude number. However, the effect of Froude number on hydrostatic damping factor was
found to be relatively small compared with the impact of topographical wavelengths of the
streambed. Furthermore, increasing the depth of the hyporheic zone lowered the magnitude of
hyporheic flow velocity and increased the contribution of groundwater flow to average
subsurface nested flow velocity at the streambed interface. Since flow travel time and flow
velocity are inversely proportional, the decreased hyporheic flow velocity due to the increased
hyporheic depth resulted in prolonged travel times for hyporheic flow. This result confirms the
findings of Morén et al. (2017) regarding the fact that increasing hyporheic depth leads to an
increase in hyporheic travel time within streambed sediment. Beyond this, the magnitude of the
hyporheic fluxes controls the gaining and losing segments at the streambed interface (Fox et al,,
2014), and the increased magnitude of hyporheic exchange vertical velocity can potentially
enhance the stream denitrification in large stream basins (Gomez-Velez et al., 2015).
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Figure 14. Box and whisker plots of the superimposed means of the areal mean values of
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following: (a) Rp: and €=0.1 m; (b) Rp: and e=4 my; (c) Rps and ¢=0.1 m; and (d) Rp4 and
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4.4.2 Impact of hyporheic fluxes on groundwater travel time in streambed sediment

In this study, particle tracing in streambed sediment was conducted to quantify the groundwater
flow travel time in streambed sediments (refer to Section 3.7). The results demonstrated that the
subsurface groundwater flow travel time within the streambed sediment depends on the
penetration depth of the groundwater flow. Additionally, shallower groundwater flow has a
shorter flow travel time within the streambed sediment (Paper IV). In particular, it was
demonstrated that the median travel times (related to the seepage velocity) of the intermediate
groundwater that never entered the bedrock and deep groundwater flow coming from a 500-m
depth were 3 and 9 years in streambed sediment, respectively (Figure 15). The decreased travel
time of groundwater flow (originating from different spatial scales) within the same layer (ie.,
streambed sediment) reflected the relatively lower flow velocity of intermediate groundwater flow
compared with deep groundwater flow in streambed sediment. Superimposing the hyporheic
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flow field on the intermediate and deep groundwater flows in streambed sediment led to the
acceleration of the regional groundwater discharge through the hyporheic zone and thus
decreased the travel time of both intermediate and deep groundwater flows. These results
indicated that the travel time of subsurface flow decreased by a factor of almost 3. The deep and
intermediate fluxes’ travel times in streambed sediment were 3 and 1 years, respectively, under
the impact of hyporheic flow fields. The intermediate flow travel time was approximately one-
third of the deep groundwater travel time (within the streambed sediment), regardless of the
presence or absence of hyporheic flow fields. Additionally, the results showed that the hyporheic
flow field had a stronger impact on longer travel times of subsurface groundwater flow (both
intermediate and deep flows). One implication of these results is a significant impact of the
hyporheic zone on the fate and transport of solutes and contaminants carried by groundwater
from different depths. Furthermore, changes in the travel time of the groundwater flow induced
by hyporheic fluxes near the bed surface impact the diversity in aquatic sediment habitat and
influence stream water quality (Poole et al., 20006). In particular, the residence time of the leaked
radionuclide contamination from a deep repository carried by deep groundwater was affected by
the hyporheic fluxes near the bed surface. Finally, the decreased groundwater travel time in
streambed sediment would result in higher rate coefficients in the compartment modeling of
radionuclide transport in the surface environment (Xu et al., 2008).
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Figure 15. Cumulative distribution function plot of the intermediate (green) and deep
(blue) travel times (using seepage velocity) of the groundwater flow within the sediment
layer (i.e., 5X5x5 n cubes). The solid lines represent the catchment scale results
(without the streambed induced flow influence), and the dashed lines represent the
superimposed results (catchment scale flow superimposed with the streambed scale
induced flux). Descriptions of the different flow types are presented in Figure 2.

4.4.3 Convergence of groundwater flow field due to hyporheic fluxes’ impact within streambed
sediment

This project investigated the impact of hyporheic fluxes on the direction of upwelling

groundwater flow beneath the deep groundwater discharge zones (Papers III and IV). The results
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revealed that the subsurface groundwater upward flow (induced by different topographical scales)
in streambed sediment was significantly influenced by the hyporheic fluxes, leading to the
convergence of groundwater flow trajectories near the bed surface. This convergence is
consistent with the hierarchical structure of flow cells, which accelerates the flow toward the top
surface of the flow domain (Toth, 1963) but in this study was especially pronounced exactly at
the discharge zones. Consequently, the upward groundwater flow shrank into small areas
penetrating the hyporheic zone within the aquatic sediments. The impact of hyporheic fluxes on
upward groundwater flow direction were previously investigated by Boano et al, (2009).
However, the focus of their research was on the suppression of hyporheic exchange fluxes due at
the groundwater upwelling zones. The convergence of the upward groundwater flow toward the
streambed shows the diversity in temperature and chemistry of the hyporheic zone (Mamer &
Lowry, 2013). The depth where the hyporheic fluxes begin to significantly impact the direction of
upward groundwater (i.e., the depth at which the convergence of upward groundwater flow
begins) depends on the hydraulic conductivity of streambed sediment and the magnitudes of
hyporheic and groundwater flow velocities. In particular, the spatial heterogeneity of streambed
sediment influences the direction and magnitude of the hyporheic flow field (Sawyer & Cardenas,
2009; Jiang et al., 2011). Applying a constant hydraulic conductivity throughout the entire
streambed sediment depth (5 m) made a significant impact on upward groundwater flow induced
by hyporheic fluxes (Paper III). Additionally, the results of assuming a constant hydraulic
conductivity of streambed sediment (with a fixed depth of streambed sediment layer)
demonstrated that the upward groundwater flow converged toward the topography surface (due
to the impact of hyporheic exchange fluxes) as soon as it passed the bottom surface of the
streambed sediment layer (Figure 16).

Depth (m)

Y-Coordinate (m) 0 o X-Coordinate (m)

Figure 16. Three-dimensional plot of the interaction of local (hyporheic) flow (red
curves) and regional upwelling groundwater (blue curves). The particle tracking of the
hyporheic flow (red curves) was performed by releasing particles at inflow areas of the
surface water on the top surface. The upwelling groundwater was tracked by releasing
particles uniformly at the bottom surface.

However, applying a depth-decaying hydraulic conductivity function according to certain
observations (Paper IV) changed the hyporheic flow depth. The depth-decaying hydraulic
conductivity controlled the hyporheic fluxes’ penetration depth and allowed the upwelling
groundwater to stay in its trajectory even in streambed sediment (until reaching the hyporheic
fluxes). The results of applying depth-decaying hydraulic conductivity in streambed sediments
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showed that the convergence in upward groundwater gradually begins in the range of 2-3 m
from the streambed topography surface (Figure 17). The upward groundwater flow was
fragmented into a few detached flow tubes, which eventually emerged as the small areas at the
streambed interface. Figure 17a.b shows a stronger impact of hyporheic fluxes on the upwelling
groundwater compared with that displayed in Figure 17c and d. The latter effect is due to a lower
magnitude of hydrostatic damping factor applied to the hyporheic hydraulic head. Hence, the size
of the discharge area at the streambed interface and the contribution of upward groundwater in
stream water were larger in Figure 17c and d than they were in Figure 17a and b. However, in
both cases, the discharge arecas of regional groundwater flow decrease several orders of
magnitude, which is discussed below (Figure 20).

Legend
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Figure 17. The impact of the hyporheic fluxes (red) on the upward groundwater flow
(magenta) in the superimposed models (including both intermediate and deep
groundwater flows). The figure corresponds to two arbitraty, superimposed cases of
dynamic head coefficient of 0.08, (a) and (b): hydrostatic damping factor of 0.73; (c) and
(d): hydrostatic damping factor of 0.13; (a) and (c): three-dimensional view; and (b) and
(d): side view.

4.44 Size of subsurtace flow discharge zone: Hyporheic and catchment groundwater

Fragmentation of coherent regional groundwater upwelling (i.e., Wc>0) and downwelling (Wc<0)
zones at the streambed interface of the superimposed flow fields was defined by means of
changes in a cumulative distribution function, CDF, due to the impact of hyporheic flow. A shift
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of the CDF of the median values of regions (i.e., 50% of coherent upwelling/downwelling areas)
toward smaller areas is referred to as a more fragmented upwelling or downwelling flow at the
streambed interface. In Paper I, the fragmentation of both upwelling and downwelling regions of
the supetimposed flow field at the streambed interface were quantified for 5X5 m” regions for
the corresponding flow behaviors of the first, second, third, and fifth stream orders. The
distribution of up- and downwelling areas was normalized with the total area of the region, Ao,
(25=5%5 m®). The results indicated that the coherent downwelling areas are more fragmented
than coherent upwelling regions in a superimposed flow field. The study demonstrated that
considering a 4-m hyporheic depth and the damping factor estimated by Morén et al. (2017) for a
fifth stream order created downwelling areas of less than 31% of the total area of the streambed
(i.e., 7.75 m?%. Additionally, only 28% of the coherent upwelling zones have areas larger than 7.75
m” (Figure 18). The lower fragmentation of the upwelling areas compared with that of the
downwelling areas is due to the choice of fifth stream order in this study. The results of a
comparison between the fragmentation of upwelling and downwelling areas are presented in
Figure 18 for the fifth-order stream, located downstream in the catchment with deep soil layers.
The relatively higher hydraulic conductivity of existing soil type in the selected fifth-order
segment compared with the first and second stream orders (located in headwaters) led to the
domination of the gaining condition (Chen et al., 2013). The availability of a gaining or losing
condition in a stream segment controls the physical and chemical properties of the aquatic
sediment. Specifically, this factor impacts the fate of microbial transport between an aquifer and
stream water (Franken et al., 2001).
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Figure 18. Cumulative distribution function of the size distribution of spatially coherent
up- and downwelling areas for the fifth-order stream, assuming Rp; and ¢ = 4 m.

The impact of the groundwater flow field on the fragmentation of coherent upwelling hyporheic
exchange fluxes at the streambed interface is of a great importance from a biological perspective.
This is crucial when the degree of the upwelling zone fragmentation controls the temporal and
spatial hotspots concerning biological activities within the aquatic sediment ecosystem (McClain
et al., 2003). Paper I evaluated the impact of regional groundwater flow (representing first,
second, third, and fifth stream orders) on the distribution of the coherent upwelling of hyporheic
flow. The results demonstrated that the most fragmented upwelling areas belong to the hyporheic
flow fields in the absence of groundwater flow. Superpositioning the catchment scale
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groundwater with hyporheic flow decreased the fragmentation of upwelling areas, implying a shift
of the area CDF toward larger areas. The change in the fragmentation of hyporheic upwelling
areas due to the impact of groundwater flow impacts the stream water temperature and chemical
properties of the stream sediments, which is induced by groundwater discharge. Additionally, the
results highlighted the variation in the degree of fragmentation of upwelling areas among
different stream orders. In particular, the fifth-order stream displayed the least fragmented areas,
and the second-order stream had the most fragmented areas (Figure 19). Furthermore, the results
highlighted the impacts of the hydrostatic damping factor and the depth of the hyporheic zone
on the fragmentation of upwelling areas. The influence of hyporheic depth was found to be
generally stronger than the hydrostatic damping factor. A deeper hyporheic zone decreased the
magnitude of the hyporheic exchange flux, leading to a larger contribution of the catchment scale
groundwater flow at the streambed interface. Similarly, the higher hydrostatic damping factor of
the hyporheic hydraulic head decreased the hyporheic flow velocity and relatively increased the
catchment scale groundwater contribution to discharge flow into surface water.

Legend ) ——  Superimposed second-order stream regions
—— Streambed-scale regions —— Superimposed third-order stream regions
—— Superimposed first-order stream regions ——— Superimposed fifth-order stream regions

| 1 l 1 o —————
a,
09 @] sl ® ]
=
=08 208+ ]
2 3]
3 ! T £
£07 207 ]
& =
Eos 2067 1
= =
=
ElE 505 ]
a a
204 o 04 1
203 S03 1
E E
Co2 o ‘ 502 |
o o1 02 o 04
o A, 01 ,
ol L . 0
0 00 02 03 04 05 06 07 08 09 |1 0 01 02 03 04 05 06 07 08 09 1
AJA A/Au
| 1 I 1
¢
0.9 © 09F (d) ]
1=}
508 208 1
£ } g
£07 Z 07F 1
2 o9 =
gos |t £ 06) ]
: < 2
g 0.5 Er:) é 0.5 1
% 04 L % 0.4 ]
z 3 z
t=] =095 =
203 L S03 |
g 084 =
o2 093 502 |
o 02 0 04
01 - o1 1
Py A N N S o : ‘
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
ATA, AJA,

Figure 19. Cumulative distribution functions of the size distributions of spatially
coherent upwelling areas for different stream orders assuming (a) R, and ¢=0.1 m; (b)
R, and e=4 my; (c) R, 4 and e=0.1 my and (d) R, and e=4 m
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The impact of hyporheic fluxes on the catchment scale groundwater discharge zones was
investigated in Papers III and IV. The median coherent upwelling areas (without the impact of
hyporheic fluxes near the bed surface) of the groundwater originating from a depth of 500 m and
discharge at the stream bed sutface were shown to be approximately 300 m* (or ~17 X 17 m?),
which is much larger than the size of the applied hyporheic model in this study (Paper IV).
Additionally, superimposing the hyporheic flow field on the upwelling groundwater discharge
zones substantially consolidated the upwelling groundwater flow into very small areas, forming
pinholes of discharge at the streambed interface. The size of the upwelling groundwater flow
discharge at the sediment—water interface is important in understanding the hydrological,
biological, and ecological processes occurring within the aquatic sediment environment (Mathers
et al, 2014; Fox et al, 2018). Additionally, one implication of the hyporheic flow on the
groundwater discharge is the change of the residence time of radionuclide leakage from deep
repository (carried by deep groundwater until the streambed sediment) within the aquatic
sediment. The research conducted in Paper IV, showed that approximately 96% of the catchment
scale groundwater flow had coherent upwelling areas larger than the total assumed hyporheic
models (5%5 m? in the absence of hyporheic flow fields. On the other hand, the coherent
upwelling areas of the hypotheic flow were always less than 7.5 m* (Figure 20). This reflects the
stronger fragmentation behavior of hyporheic flow compared with that of regional groundwater
flow at the streambed interface, which is associated with the different ranges of topographical
scales controlling the two flows. Superimposing the hyporheic flow field on the subsurface
groundwater flow significantly increased the fragmentation (i.e., shift of CDF toward the small
areas) of the groundwater flow at the streambed interface. At this point, almost 95% of the
supetimposed flow field had coherent upwelling areas less than 1 m” at the top surface of the
hyporheic model. This result was expected following the change in upward groundwater direction
because of the existence of hyporheic fluxes which led to pinhole emergence within very small
areas at the streambed interface. Thus, the groundwater flow was extremely fragmented due to
the influence of existing hyporheic flow fields within the streambed sediment.
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Figure 20. Cumulative distribution function plot of the coherent upwelling areas at the
streambed interface for (a) groundwater flow (i.e., solid blue line), hyporheic exchange
flow (i.e., solid red line), and groundwater flow influenced by hyporheic exchange fluxes
(i.e., solid magenta line) in 5X5x5 m’ regions; and (b) groundwater flow (dashed blue
line) in catchment scale model

4.5 Characterizing the Characteristic Parameters of the Catchment

Principal component analysis (PCA) and power-law regression models were applied to find the
best set of parameters describing the regional groundwater and hyporheic flow velocities at the
streambed interface, as well as the ratio between them (Section 3.5). Additionally, internal
covariance among various catchment properties was studied using the PCA (Paper I, V). Due to
the variations among the range and magnitude of each individual parameter (several orders of
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magnitude), the PCA was conducted on standardized parameters. The results of the PCA within
standardized independent parameters demonstrated a complex internal covariance pattern in
which six independent parameters were required to describe the internal covariance among
different catchment properties (Paper I). A more detailed dataset (compared with Paper I)
consisting of 24 variables was used in Paper V to represent independent geographic and
hydrological catchment characteristics (Section 3.5). Next, a PCA was conducted to avoid
multicollinearity between characteristic parameters and to reduce the number of independent
parameters. This PCA in Paper V led to selection of 10 different characteristic parameters:
standard deviation of landscape elevation, ew (m); clevation gradient to the stream, GtS (-);
subcatchment size, MCS (m?); Darcy—Weibach friction factor, DWk (-); hydraulic conductivity of
the soils, K (m/s); depth of Quaternary deposits, Zq (m); surface flow Reynolds number, Re (-);
landscape topographical slope, S (-); level, SW, (m), and slope, SW,, (-), of power spectral density
of water surface profile (Figure 21). The results of the PCA confirmed the previous findings
regarding the importance of topographic and geological parameters for the surface water—
groundwater interaction (Tetzlaff et al., 2009; Sharma et al., 2015).
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Figure 21. Principal component analysis results using the stream reach average for each
standardized independent parameter (refer to Section 3.5 for the definitions of the
notations)

In Paper V, all ten of the standardized independent parameters included in the PCA shown to
impact groundwater-surface interaction were used in a multivariate power-law regression model
(Equation 22). The results of the applied power-law statistical model demonstrated the major role
of topographical parameters (GtS, MSC, S); geological factors (KK and Zq); and the hydraulic
parameters (SW,, SWi, Re) on the regional groundwater and the local hyporheic flow velocities as
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well as the interaction between those two flow velocities at the streambed interface (Table 3).
Notably, the 0.95 confidence level (P-value < 0.05) was used for all of the results in Table 3. The
hydraulic conductivity played a significant role in deep groundwater discharge velocity in all the
considered averaging scales (reach, intermediate subcatchment, and regional catchment scales). In
addition to hydraulic conductivity, the reach slope, water surface elevation, and gradient of the
stream displayed controlling effects on regional groundwater flow velocity. Furthermore, the
local scale hydraulic parameters (SW, and SW,) substantially influenced the hyporheic exchange
flow, as expected. The ratio between the regional groundwater water and hyporheic flows was
revealed to be a function of the hydraulic parameters (SW, and SW4), hydraulic conductivity of
the subsurface soil (K), and landscape topographical slope (S) depending on scale, on which the
independent parameters were averaged. However, the performance of the evaluated functions for
reach and intermediate subcatchment scales remained insignificant (0.41 and 0.49). Increasing the

averaging scale (i.e., from reach scale toward the regional catchment scale) increased the

2
adj

the regional scale model might be uncertain due to the number of individual catchments
considered in this study (only five individual catchments were used in evaluating the regional
catchment scale functions).

performance of the model (i.e., R;,;) for all of the dependent variables. However, the results of

Table 3. Best regression models at each averaging scale, based on the 0.95 confidence
level and readjusted R’-values of the independent variables and coefficients.

D dent .
sfrei;lblin Scale Best regression model RZ:;
Reach W, = (3.89 x 107%) K084g122 0.30
Regional Intermediat
cgrona DEEHREIAte | by — (79.4) K1 sW05° 0.48
groundwater | subcatchment
velocity ;
C};tec%f;ﬂt W, = (204 x 10%) K32 Gts17S 0.88
Reach W, = (6.85 x 1073) Su, " 3tgpy, ~1 864K 0144 0.68
H hei Int diat
yporheic ntermediate W = (0.219) SW,°° 0.87
exchange | subcatchment
velocity Reoional
Catciom;t W, = (3.39 x 1074) Gt§+477, 06! 0.98
W,
Reach WC = (1.66 x 1072) SW, 0285y, 355 k0725107 0.45
g
i Intermediate | W,
Veloky | Toermelie [ 7 _ o5 s o
i W,
Rte%iz?alt WC = (871 x 10°) §292K157 0.97
catchmen s

4.6 The Impact of Flow Discharge on Hyporheic Depth

The spatial and temporal variations in stream water discharge controls the hyporheic flow
exchange and substantially influences aerobic and anaerobic respiration in aquatic sediment
(Trauth & Fleckenstein, 2017). In addition to the stream flow intensity, the heterogeneity in
hydraulic conductivity of streambed sediment impacts the hyporheic exchange flow velocity and
its penetration depth (Boano et al.,, 2008). Therefore, the impacts of flow discharge intensities on
hyporheic exchange fluxes were analyzed using field experimental data and a numerical modeling
approach (Paper 1I). The diurnal cycles of the surface water temperature were used to evaluate
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the hyporheic flow depth. Additionally, difference between surface water and groundwater
temperature provided the means to evaluate the contributions of upwelling groundwater in
surface water during the field investigation (Anderson, 2005; Rau et al., 2010). Furthermore, the
numerical modeling was used to analyze the variations in hyporheic depth, hyporheic water travel
times, and fragmentation lengths (size distribution of coherent lengths with only upward or
downward flow) of hyporheic flow at the streambed sediment interface induced by various
discharge flow intensities during the experimental period for homogeneous and heterogeneous
soil type materials.

4.6.1 Field investigation results

During the field investigation at the Krycklan catchment (Section 3.6), water temperature within
the streambed sediment was recorded at seven different locations along the main river network
of the experimental area during different flow discharges. The same experiment yielded nearly
identical stream water temperatures (base-, low-, and high-flow conditions; Paper II). After this,
the temperature data for all of the monitoring stations (seven location points) was used to present
the temperature envelope along the depth of the streambed sediment (Figure 22). The
temperature envelope represents the median (red line), and the 25" and 75" quartile range
(shaded blue range) of the temperature recorded by each temperature sensor (i.e., each depth
along individual MLTS) during different flow discharge intensities (refer to Table 2 in section
3.6.1 for the time period of each flow intensity). For example, the temperature envelope of low
flow discharge at 150 m from the upstream lake (Figure 22b) represents the median (red line) and
quartiles (shaded blue range) of the temperature from the MLTS at 150 m from the lake Stortjirn
from August 7-19, 2017. These results are linearly interpolated along the depth (i.e., sensor).
Since the field measurement was conducted during the summer, the water temperature within the
hyporheic zone decreased with depth (Shanafield et al., 2011). Generally, the surface water has
higher temperature than the subsurface flow throughout the summer. Therefore, the amplitudes
of the diurnal temperature signal were progressively damped with depth due to the interaction
between cold upward groundwater near the streambed surface and warm downward surface
water flow within the sediment through the thermal dispersion which is associated with
hydrodynamic dispersion and thermal diffusion (Conant, 2004). Additionally, the temperature
envelope shows the temperature change with depth, where there is a gradual incline in median
value and an abrupt shift of the quartile range (i.e., between the 25" and 75" values represented
by the blue shaded range) to a narrow range of temperature. This result suggests the existence of
intense hyporheic flow and more significant influence of groundwater discharge deeper within
the sediment profile (at 550, 620, 975, and 1100 m from the upstream station). This temperature
pattern implies a shallow (i.e., up to 10 cm) hyporheic zone that bounds with cold upward
groundwater fluxes at the bottom. On the other hand, the strong temperature gradient with a
wide range of temperature quartile in depth reflects a substantial convective heat transport via
downward surface water through the sediment profile (150, 200, and 350 m from the upstream
station). Additionally, a shallow hyporheic zone can be interpreted using the temperature
variability in top aquatic sediment at 550 and 975 m from the upstream station. Generally, the
groundwater has a relatively uniform temperature through the entire year, ranging between 8 and
12 °C; whereas the temperature of the surface water significantly vaties throughout the year and
even on a single day. Considering the time and location of the field experiment (summer time in
Sweden), the surface water temperature was in the range of 13—17 °C. The recorded temperature
during low flow is in the range of 8-12 °C along all the temperature profiles, revealing the
existence of upward groundwater flow for all the monitoring stations in the absence for surface
water (Figure 22). Furthermore, the very wide variation in temperature profile along the depth
during the high flow discharge resulted from the sharp incremental change in water temperature,
which was experienced upon the arrival of the flood wave. Finally, the results of the temperature
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field measurement in this study confirm Leach et al.’s (2017) findings regarding upwelling and
downwelling reaches along the stream segment.

Base Flow Low Flow High Flow
0 T I a7 v |
220 | # f S ~
: i 150
40 | — Median
-60 Quartile Range a) b) ¢)
0 54
20 // " =
40 P Y 4 200
-60 d) e) f)
0 =
20 i ) =
2
2 # £ 3 —_
o 350 3
-60 g2 h) 1) :
o
=
& = X il 550 A
= 0 A Y 4 5 -
‘é. 60 ) k) 1) g
A g
0 -— v et 7]
5 / y <8 =z
-20 - /
'k 620 3
¥ a
o0 m) n) 0)
0 P = / > - _— 975
B <1 y 7 =
40 / /
-60 L p) / q) r)
7/ ) y )
0 — — —— -
5 2 g / =
1100
40 |
-60 s) t) u)
8 10 12 14 1€ 8 10 12 14 1€ 8 10 12 14 1€

Temperature (°C)

Figure 22. Vertical envelopes of temperature dynamics during base-, low-, and high-flow
stream discharges (discharge values presented in Table 2, Section 3.6.1) at different
monitoring locations. The envelopes indicate the interquartile range (shaded area) and
the median (red line).

4.6.2 Numerical results

The numerical modeling of the field investigation data (Section 3.6.2) aims to identify the
hyporheic exchange flow pattern under different flow conditions and to evaluate the interaction
between surface water and groundwater with different hypothetical geological properties. The
impact of various flow discharge intensities on hyporheic depth was investigated by assessing the
maximum penetration depth of the surface water flow into the sediment, Dur, m and the
residence time of hyporheic fluxes, 1. Due to the strong impact of geological properties of the
subsurface soil on the hyporheic exchange fluxes (Cardenas et al., 2004; Salehin et al., 2004), the
distributions of Dur, ms and t were presented for two different sediment materials. These were as
follows: (a) the constant hydraulic conductivity for both sediment (i.e., top 1 m of the subsurface)
and the underlying soil and (b) the depth-decaying hydraulic conductivity of the sediment and
constant hydraulic conductivity of the underlying soil. Figure 23 shows that the interquartile of
Dur, mee has approximately the same range for all of the flow conditions for each of the
considered soil hydraulic conductivity values. However, the median value of Dup, me slightly
differs with discharge intensities, and the low-flow discharge had the deepest maximum depth of
hyporheic flow field. This result was because the higher variation in water surface elevation acted
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as a hydraulic head top boundary condition during low-flow discharge, which did not happen at
other flow discharge intensities. The results highlighted the role of hydraulic conductivity in the
subsurface soil where the depth-decaying hydraulic conductivity significantly decreased the
hyporheic depth (approximately two orders of magnitude). The hyporheic zone’s depth decreased
because of the larger shielding impact due to lower hydraulic conductivity as the depth increased
(Gomez-Velez et al,, 2014). The hyporheic zone had the depth in the order of centimeter scale
based on depth-decaying hydraulic conductivity, whereas assuming constant hydraulic
conductivity of the subsurface material led to hyporheic depth in the order of meter scale.
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Figure 23. Boxplots showing the maximum depth of hyporheic fluxes under various flow
dischatges assuming (a) constant hydraulic conductivity (K = 10* [m/s]) for the entire
subsurface region and (b) a decaying hydraulic conductivity (starting from K(Z = () =
10 [m/s] at the sutface-subsurface water interface and decaying exponentially to K(Z
= -1) = 107 [m/s] at one meter deep. In the case of a vertically varying hydraulic
conductivity, a constant hydraulic conductivity (K = 10’[m/s]) was used for depths
greater than one meter. The second row of the horizontal axis (i.e., numbers) includes
the ranges of stream-flow discharge along the stream for each flow regime. Finally,
Drirmax Is the deepest point of the streamlines.

The hyporheic flow residence time depends on channel morphology, the saturated hydraulic
conductivity of subsurface soil, the head gradient over the bedform, and the flow trajectory in the
subsurface domain. Additionally, the distribution of hyporheic flow residence time was estimated
using the applied patticle tracing method (Section 3.6.2). Here the residence time was defined as
the time spent by each particle moving from the streambed interface into the subsurface domain
until returning to the streambed surface again. The relatively small spatial variation of water
surface elevation between different discharge intensities along the stream channel led to
approximately similar wavelengths of the top head boundary condition (Kasahara & Wondzell,
2003). Consequently, the subsurface flow trajectories and the residence time of the hypotheic
flows varied slightly across different stream water discharge intensities. The distribution of water
residence times in the hyporheic zone controls the rate of the nitrification and denitrification
processes in streams with nitrogen transport. Thus, the high and low rates of nitrifications occur
at short and long residence times, respectively (Zarnetske et al., 2011). The ways the stream
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discharge affected the distribution of residence time, 7, demonstrated that the high discharge had
the greatest range of hyporheic flow residence times regardless of considered hydraulic
conductivity value (Figure 24). The wide range of hyporheic flow residence times imply the
existence of a more complex hyporheic flow trajectory network consisting of hyporheic flows
with different spatial scales induced by high-flow discharge, important for biogeochemical cycling
(Ward et al, 2013). On the other hand, the low-flow discharge had the shortest range of
hyporheic residence times, reflecting the existence of hyporheic flow with a relatively uniform
flow trajectory pattern. Beyond this, high-flow discharge intensities always induced the minimum
residence time. Comparing the hyporheic flow residence times between the two applied hydraulic
conductivities of the subsurface material indicated higher t values upon applying the depth-
decaying hydraulic conductivity. The median values of hyporheic flow residence time are quite
long in all of the flow discharges, regardless of the applied hydraulic conductivity scenario. This
phenomenon is due to the relatively small variations in the measured water levels for each of the
individual discharge intensities along the stream network and the relatively long (50 m spatial
interval) distance between the surface water level observational stations. This effect led to long
hyporheic flow trajectories within the subsurface region.
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Figure 24. Box and whisker plots of hyporheic fluxes’ residence times under various
How dischatges assuming (a) constant hydraulic conductivity (K = 10* [m/s]) for the
entire subsurface region and (b) decaying hydraulic conductivity (starting from K(Z = 0)
= 107 [m/s] at the surface-subsurface water intetface and decaying exponentially to
K(Z = -1) = 107 [m/s] down to a depth of 1 m). In the case of vertically vatying
hydraulic conductivity, a constant hydraulic conductivity (K = 107 [m/s]) was used for
depths greater than 1 m. The second row of the horizontal axis (numbers) shows the
ranges of stream flow discharge along the stream for each flow regime. Finally, t is the
residence time of the particles released at the streambed interface.

4.7 Applications

The groundwater travel times of the hierarchical nested subsurface flow system influence the
physical and chemical properties of the subsurface water across the range of spatio-temporal
scales. Thus, these times impact ecosystems of the subsurface and surface water, especially at
groundwater discharge locations. For instance, previous studies have been argued the controlling
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impact of fertilizer infiltration from agriculture land on eutrophication rate in recipient water
(Hoffmann et al., 2006; Gelbrecht et al., 2005). Groundwater is the main transport agent for
natural solutes and contaminants in the subsurface domain and controls the exchange of solutes
and contamination between the aquifer and the surface water resources. Therefore, investigating
the groundwater—surface water interactions from different technical angles provided essential
knowledge on the transportation and accumulation of the solutes and contaminants close to the
topography surface that may impact the ecosystem, endangering the environment and living
biota. In particular, the radioactive compound dose assessment substantially depends on one’s
understanding of the subsurface flow process from a great depth to far shallower, localized flow
interactions. The new understanding of groundwater-surface water interaction presented in this
study addresses the technical issues related to radionuclide contamination transport that leaked
from HLRW repository and discharges into the surface water bodies.

This thesis presents a quantitative analysis on regional groundwater flow circulation considering
site-specific hydrological and geological data in Sweden. Analyses of radioactive contamination
transport require a compartment modeling approach (Avila et al., 2010), where the groundwater
flow results reflecting the flow within and between the biospheres and geospheres provide a basis
for these analyses. The results of this study could be used to advance understanding of
radioactive contamination’s fate and transport close to the surface which is of a great importance
in safety assessment programs. The importance of groundwater—surface water interaction has
been extensively discussed (Fleckenstein et al., 2010; Wondzell, 2015), whereby especially the
temporal and spatial fluctuations in surface water and groundwater levels require complex
numerical and statistical analyses. The results of this study could help researchers relate the
variability in stream water discharge values to groundwater—surface water interaction.
Furthermore, this study addressed the main drivers of groundwater flow circulation, such as
fractal topography, structural layers of subsurface geological formations, and the impact of depth-
decaying hydraulic conductivity. Finally, the link between geographical and hydrogeological
parameters to regional and hyporheic flows represents a major advancement in understanding of
the deep and shallow subsurface flow renewal rate, which has implications for long term
freshwater resources management.

4.8 Limitations and Future Prospects

This thesis presents multiscale subsurface flow modeling by separately developing regional and
hyporheic scale models and then superimposing the flow fields from different spatial scale
intervals. The applied multiscale approach evaluated regional groundwater and hyporheic flows at
the sediment—bed interface through numerical modeling of the catchment scale groundwater and
exact solution to hyporheic hydraulic heads. Before this study, evaluating the interaction between
groundwater flow and hyporheic exchange flow had not been conducted using the detailed
applied method here. For this reason, this method is an advancement in the hierarchically nested
subsurface flow system modeling focused on the discharge zones of regional groundwater. In
particular, the influence of hyporheic fluxes on deep groundwater flow within the aquatic
sediment had been neglected in previous literature. Therefore, the following suggestions are
provided for advancing subsurface flow simulation further and improving understanding of
surface water—groundwater interactions:

- Conducting a sensitivity analysis on the topographical DEM resolution to find a
generally variable resolution that satisfies the infiltration constraint. In this study,
an innovative variable DEM resolution was introduced to satisfy both of the topography-
controlled head in the discharge areas with surface water objects and otherwise recharge
controlled head with lower DEM resolution consistent with the appropriate infiltration
rate. However, the analysis was performed for only one catchment. Thus, it is
recommended that the method be applied to different catchments with different
hydrogeological properties to prepare a guideline for DEM preparation prior to
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groundwater modeling. Such work would be especially useful in establishing the
connection between variable DEM resolution and infiltration rate under different
hydrogeologic conditions.

- Improve groundwater-surface water interaction in lake sediments. In this study the
surface water objects were characterized using the applied bi-modality approach (ie.,
changing the DEM resolution to simulate the recharge-controlled boundary condition
over the surface water bodies). Consequently, lakes and streams were treated similarly in
the analyses and the role of thermo-stratified water and stagnant water level of lakes in
groundwater-surface water interaction were not investigated.

- Improve the regional groundwater model using more observational data. The
applied method in groundwater modeling could be strengthened by using more detailed
observational data, including the spatial and temporal variations in porosity and hydraulic
conductivity values of aquatic sediment, QD and bedrock domains, and the existence of
fracture networks in bedrock. Additionally, observational groundwater hydraulic heads
could be used to validate the modeled groundwater surface.

- Improve the topographical data applied in hyporheic scale modeling. Due to the lack
of general streambed topographic data, this study applied a rescaling method to represent
the hyporheic scale topography. As an alternative method, high-resolution measured
topography values over larger parts of the stream network would be suitable for
hyporheic scale modeling and to improve the evaluation of hyporheic flows without using
rescaling methods.

Conducting field investigations for improved estimation of the hydrostatic damping
factor and dynamic coefficient of the hydraulic head at the streambed intetface.
More field investigations are needed in different regions with different stream flow types
and physical characteristics of channel morphology. Additionally, various geological
properties should be used to find a general pattern for the range of possible hydrostatic
damping factors and dynamic coefficients.

- Investigation of temporal variations in groundwater—sutface water interaction.
Climate fluctuation appears on seasonal, biannual, and decadal timescales, leading to
temporal fluctuations in aquifers and groundwater flow circulation. Thus, considering the
temporal variation in infiltration provides an enhanced picture of groundwater—surface
water interactions.

5 SUMMARY AND CONCLUSION

This thesis investigated the role of hyporheic exchange fluxes in hierarchically nested
groundwater flow systems, especially in regional groundwater discharge zones in surface water. A
multiscale numerical modeling approach and field investigations were conducted on a boreal
Swedish catchment to account for the groundwater flow and the hydrogeological and
morphological properties of the catchment. The main objectives were to apply the multiscale
modeling platform to assess the impacts of hyporheic exchange fluxes on deep groundwater
discharge within the nested flow system within the aquatic sediment and the reverse effect of the
regional groundwater flow on the hyporheic flow. Thus, the study produced the following
conclusions:

1. The catchment’s landscape topography controls the groundwater flow circulation in areas
where the ratio of infiltration rate to subsurface soil hydraulic conductivity is relatively
high. This condition leads to saturated subsurface regions, where the hydraulic head
distribution over the catchment is a subdued replica of the topographic elevation and
follows the landscape gradient. Such regions are known as areas with topography-
controlled groundwater flow. On the other hand, the groundwater hydraulic head does not
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follow the topographic surface in areas with low ratios of infiltration rate to soil hydraulic
conductivity, leading to the development of unsaturated subsurface soil. These areas are
called recharge-controlled regions, where the groundwater hydraulic head variation is
typically smoother than the fluctuation in topography elevation. One way to deal with this
situation in groundwater flow modeling would be to lower the resolution of the
groundwater table topography by smoothing the fluctuation in landscape topography
elevation. In this thesis, DEM files with lower mesh size resolution than the real measured
topography were applied at downwelling areas to compare them to upwelling areas to
investigate the validity and implication of this hypothesis. The results of this thesis
highlighted the role of topography elevation resolution in satisfying the topography- and
recharge-controlled boundary conditions in a single model. In this study, the results
showed that the appropriate DEM resolutions for the study domain are 84 m at
downwelling regions (terrain with high local elevation), which provided approximately the
same infiltration as the observations. Notably, the appropriate resolution of DEM file
substantially depends on climatic and geologic conditions of the catchment and differs
across different regions.

2. The existence of fractal patterns in landscape topography allows one to generalize observed
topography beyond observed scale intervals. Furthermore, exact spectral solutions to the
groundwater flow problem can be applied based on the evaluation of the amplitudes and
wavelengths of real Fourier series representing topography elevations. At this point, the
prevailing of the fractal power across different spatial scales of the landscape topography
were generalized into higher resolution (smaller size) of the streambed topography and
applied to the hyporheic flow modeling. The hyporheic hydraulic head at the streambed
consists of hydrostatic and dynamic head contributions, both of which can be described
using the streambed topography variations. The results indicated the hydrostatic head
component is generally much higher than the dynamic head component. Additionally, the
results showed that Froude number controls both the hydrostatic and dynamic head
contributions, meaning that their relative importance can vary significantly across time and
space.

3. Numerical modeling was used to investigate the regional groundwater, accounting for
subsurface heterogeneity, such as different subsutface strata (i.e., sediments, Quaternary
deposits, and bedrock). In particular, depth-decaying hydraulic conductivity was considered
for different layers of the subsurface where the specific hydraulic conductivities of the
different soil types were considered for the Quaternary deposits. The results of this thesis
indicated that the depth-decaying hydraulic conductivity reduces the groundwater flow
circulation increasingly with depth. One application of the research in this study is
understanding how deep groundwater flow carries radioactive compounds leaking from an
HILRW and discharges them into surface water. This process affects both groundwater
circulation and the chemical retardation due to adsorption in different geological strata.
The adsorption retardation coefficient significantly varies across different subsurface
domains and controls the fate and transport of radionuclide compound. In particular, this
process leads to the same range of contamination’s residence times in soil and bedrock (i.e.,
median residence time in the range of 5,000-8,000 years). Additionally, the results
demonstrated that the deep groundwater discharge zones are aligned well with natural
drainage (i.e., stream networks and lakes) and the topography elevation of the catchment.
More specifically, the majority of the discharge zones were located on the topography
surface in the downstream part of the catchment area containing relatively deeper
Quaternary deposit and soil types with higher permeability values.

4. The upward groundwater flow reduces the hyporheic exchange flow depth and affects its
discharge pattern. The magnitude of hyporheic fluxes were found to be at least one order
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of magnitude higher than the groundwater flow at the streambed interface that led to the
domination of hyporheic fluxes immediately below the streambed. Beyond this, the
fragmentation of coherent upwelling zones at the streambed interface was significantly
impacted by discharging groundwater. The coherent upwelling areas of the hyporheic flow
were always found to be less than 31% of the hyporheic scale model’s top surface (in the
absence of groundwater flow). At the same time, the groundwater flow substantially
decreased the degree of fragmentation (shift of the CDF plot toward higher areas) of the
coherent upwelling area for the hyporheic flow.

5. The results of this study revealed significant effects on groundwater travel times in aquatic
sediments induced by hyporheic flow fields. The travel times of both the intermediate and
deep groundwater flows were reduced by 50% compared with those of a case that lacked
hyporheic flow. Additionally, the upwelling groundwater flow areas within the streambed
sediment substantially contracted into small areas (less than 5 m?) due to the impact of the
hyporheic flow field. This phenomenon was depicted as a pinhole discharge phenomenon
resulting at the streambed interface due to the impact of hyporheic flow. The hydraulic
conductivity decay, the ratio of regional groundwater to hyporheic flow velocities, and the
heterogeneity of the streambed sediment controlled the convergence behavior of the
groundwater flow. Furthermore, the contraction of groundwater flow into small,
fragmented areas at the sediment bed interface and the longer travel times of the upward
groundwater flow within the aquatic sediment due to the impact of hyporheic fluxes are
important for heat, solute, and contaminant transport from aquifer to stream water,
substantially affecting the streambed sediment and surface water ecology. Another
implication of this effect is that the radionuclide transfer rate coefficient applied to
ecological compartment models increases due to the impact of the hyporheic flow field,
which could affect the risk of radiological doses for humans.

6. A field campaign was performed to investigate the impact of flow discharge intensities
representing low-, base-, and high-flow conditions on hyporheic exchange flow. Heat was
used as a natural trace element to evaluate gaining (upward flow direction) and losing
(downward flow direction) segments along the stream network. The temperature profile
measured along the hyporheic depth showed a deeper hyporheic zone when the discharge
intensity increased. The numerical modeling results revealed that increasing the flow
discharge intensity led to an increased interquartile range of hyporheic flow residence times.
Additionally, the numerical modeling results highlichted the major role of subsurface
hydraulic conductivity on the depth of a hyporheic zone and the hyporheic residence time
within the subsurface domain.

7.The conducted PCA and (parametric) regression analysis results evaluated the role of
various parameters in generalizing the groundwater—surface water interaction. The results
demonstrated that the landscape topographical slope, hydraulic conductivity and depth of
soil layer, and the level and slope of the power spectral density of the water surface profile
have controlling effects on the magnitude of groundwater flow and hyporheic exchange
flow velocities. These components also affect the interaction between groundwater and
hyporheic exchange flow; which could be important for generalization of the flow results.
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