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by Brian Babak Mojarrad'®, Anders Wérman?®, Joakim Rim|>®, and Shulan Xu®

Abstract

Significant attention has been given to hyporheic water fluxes induced by hydromorphologic processes in streambeds and the
effects they have on stream ecology. However, the impact of hyporheic fluxes on regional groundwater flow discharge zones as well
as the interaction of these flows are much less investigated. The groundwater-hyporheic interactive flow not only governs solute
mass and heat transport in streams but also controls the retention of solute and contamination following the discharge of deep
groundwater, such as naturally occurring solutes and leakage from geological waste disposal facilities. Here, we applied a physically
based modeling approach combined with extensive hydrologic, geologic and geographical data to investigate the effect of hyporheic
flow on groundwater discharge in the Krycklan catchment, located in a boreal landscape in Sweden. Regional groundwater modeling
was conducted using COMSOL Multiphysics by considering geologic heterogeneity and infiltration constraint of the groundwater
circulation intensity. Moreover, the hyporheic flow was analyzed using an exact spectral solution accounting for the fluctuating
streambed topography and superimposed with the regional groundwater flow. By comparing the discharge flow fields with and
without consideration of hyporheic flows, we found that the divergence of the discharge was substantially enhanced and the
distribution of the travel times of groundwater was significantly shifted toward shorter times due to the presence of hyporheic flow.
Particularly important is that the groundwater flow paths contract near the streambed interface due to the hyporheic flow, which
leads to a phenomenon that we name “fragmentation” of coherent areas of groundwater upwelling in pinhole-shaped stream tubes.

Introduction

Heat and solutes can be generally introduced in
streams by groundwater discharge that is generated by
landscape topography over a wide range of scales, includ-
ing large depths in bedrock. Investigations are conducted
using biosphere models in which groundwater discharge
through Quaternary deposits constitutes an important
link for deep groundwater discharge into the surface
environment (Hjerpe and Broed 2010; Saetre 2015). The
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residence time of groundwater in Quaternary deposits can
be used to parameterize compartment models to analyze
solute and contaminant transport in the biosphere and
geosphere environments.

The groundwater flow in the relatively thin Qua-
ternary deposits in Scandinavia hydrologically behaves
quite differently from the bedrock flow due to variations
in hydraulic conductivity and porosity, which therefore
causes an abrupt reduction in the groundwater discharge
velocity close to the surface water interface. In addi-
tion, the solute travel times will be relatively longer
in the soil layer than in surface water, and solute and
contaminant can accumulate in soil due to adsorption
and consequently contaminate future agricultural products
(Berglund et al. 2009; Kautsky et al. 2013). In particu-
lar, streambed sediments act as regulators of stream water
quality and ecosystems and, hence, can strongly influence
the health of humans and other biota. Solute elements,
such as 222Rn, and temperature have been used as tracers
to identify groundwater flows from different depths sepa-
rated from stream hyporheic flows. By using such tracers,
one can assess the discharge locations of deep ground-
water and the contribution of discharge to stream flows
(Dimova and Burnett 2011).

Several studies have considered the impact of ground-
water discharge on hyporheic flow (Boano et al. 2008;
Fleckenstein et al. 2010; Bhaskar et al. 2012; Trauth
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et al. 2014; Hassan et al. 2015; Fox et al. 2016), but
only a few studies have considered the reverse effect of
hyporheic flow on groundwater discharge. Many of pre-
vious studies did not consider the hierarchically nested
structure of the groundwater flow structure on a regional
scale, but an exception is the study of Caruso et al. (2016).
In addition, previous research on solute and contami-
nant transport in groundwater did not specifically consider
the flow interaction of surface water and groundwater
(Worman et al. 2007a; Selroos and Painter 2012). From
combined observations of water quality and tempera-
ture, it has been concluded that groundwater discharge
zones often form rather small stream areas receiving water
from manifold larger catchment areas; such areas have
lately been termed discrete riparian inflow points (DRIPs)
(Ploum et al. 2018, 2021), but the phenomenon of concen-
trated groundwater inflow in streams has been well known
for decades (Jansson et al. 2007; Schuetz and Weiler 2011;
Kuglerova et al. 2014).

This study focuses on the geohydrologic-
hydromechanical explanation of a similar phenomenon
arising due to the large-scale groundwater circulation
and its interaction with the more intense flow in stream
beds. In the scientific literature, we find that the ratio of
regional groundwater to hyporheic flow velocities could
be in the range of 1072 to 107 (Bhaskar et al. 2012;
Gomez-Velez et al. 2014), which indicates that hyporheic
flow is generally much more intense than groundwater
discharge and, therefore, should have a significant effect
on narrowing the discharge zones. In particular, hyporheic
flows may have implications, which could be important
for further transport of discharging solutes in surface
water (Xu et al. 2008).

This study is focused on the relative importance of
hyporheic flow on upwelling groundwater with applica-
tion to the Krycklan catchment, which is located in a
boreal landscape in Sweden. The aim is to use a mathe-
matical modeling framework to study the relative effects
of hyporheic flows on the discharge of groundwater and,
especially, to constrain the model framework with exten-
sive field data on hydrology, geology, physical geog-
raphy and topography. To represent the wide range of
spatial topographical scales of importance, we propose
a separate treatment of hyporheic and regional ground-
water flows. Hence, a general approach is to mathemati-
cally superimpose the hyporheic and regional groundwater
flows, particularly in identified discharge zones, hence
facilitating a detailed study of effects on the hyporheic
flow in discharge of deep upwelling groundwater.
A hypothesis is that many factors, such as landscape
topography, geology, and climate, control hyporheic flows
and groundwater discharge and that the interaction of
these flows is important to the discharge phenomenon.

A modeling framework similar to that used here was
introduced by Mojarrad et al. (2019b), but this study
develops the model substantially with respect to geo-
logic heterogeneity and hydrologic constraints due to
groundwater infiltration and renewal rates. The latter is of
utmost importance to the overall intensity of groundwater
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circulation and hence to the discharge intensity. Major
developments comprise (1) the application of more con-
straints due to observations of soil and bedrock type
and associated heterogeneity of hydraulic conductivity,
groundwater infiltration, landscape topography and spe-
cific hydraulic conductivity values for the hyporheic zone,
(2) particle tracing for assessing the behavior of deep
groundwater from large depths in bedrock to discharge
zones, and (3) the geologic layering of the model into
three units representing sediments, Quaternary deposits,
and bedrock. A Monte Carlo analysis is suggested to cover
uncertainties in the mathematical simulations of hyporheic
flows. All these developments were considered essential
to the aims of the study focused on analyzing the relative
importance of streambed-induced hyporheic flow on deep
groundwater discharge.

Methodology

Empirical and Observational Data

The study was performed using data from the
Krycklan catchment, which is located in northern Sweden
near the city of Umed (64°14' N, 19°46" E). Krycklan is a
research catchment with a 68-km? area and extensive field
infrastructure for monitoring hydrology, water quality,
stream biodiversity, and climatology (Laudon et al. 2013).
The catchment consists of 15 subcatchments that are
instrumented for discharge measurements (Figure 1).
The measured stream discharges along with the physical
characteristics of the stream network were used to quantify
the streambed-induced flow field (Section “Streambed-
Induced (Hyporheic) Flow”). High-resolution topographic
digital elevation data exist for the entire catchment; in
these data, the horizontal and vertical resolutions are 2 m
and 1 cm, respectively. The catchment elevation is in the
range of 117 to 405m above sea level. Bedrock surface
elevation data with a horizontal resolution of 10 m were
provided by ©Sveriges geologiska undersokning (SGU).
The thickness of the Quaternary deposits was quantified
by subtracting the bedrock surface elevation from the
topographic digital elevation data.

The Krycklan landscape was formed during the last
glaciation (Lidman et al. 2016); the northern part primarily
consists of a 15 to 20m thick glacial till. The glacial
till intertwines with regions containing peat and/or lake
sediment toward the east. The glacial till mainly contains
basal till in the deep soil, which is replaced with ablation
till in the shallow soil (Jutebring Sterte et al. 2021). The
southern side of the Krycklan catchment has a lower
elevation compared with other regions, where the soil
is a mixture of fluvial and glaciofluvial deposits. These
regions mainly consist of sandy and silty sediments with
significant soil thickness (i.e., approximately 40 m deep),
where the soil has been compacted by its own weight
(Lyon et al. 2011). Generally, the aggregates of till soil
shrink with depth, and in sandy silty sediment, sand is
replaced with silty clay as the depth increases. In addition,
peat is replaced with clay within a few meters of the
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Figure 1. (a) Map showing the location of the Krycklan catchment in Sweden, and (b) map showing the soil types of the
Krycklan catchment, as well as the stream network (blue lines) and the discharge stations (green stars) within the catchment.
Moreover, the positions of the selected 100 m x 100 m regions for rescaling the local streambed topography (red squares) used
in the streambed-induced model are also shown. The labels correspond to selected 100 m x 100 m regions that were used as

the topographic realization in streambed-scale modeling.

surface (Sterte et al. 2018). The soil type data are available
at the Krycklan catchment website (https://www.slu.se/
krycklan). Seven different soil types exist in the Krycklan
catchment (Figure 1), and the hydraulic conductivity of
each soil type was obtained by Sterte et al. (2018) to
reflect heterogeneities in the Quaternary deposits.

The streambed sediment was defined as the top 5 m
of soil beneath the stream network (with a 5-m width)
in which a hydraulic conductivity of 9.13 x 10~* m/s
was considered at the streambed interface, as obtained
from an experiment by Morén et al. (2017) (Section
“Regional-Scale Groundwater Flow Numerical Model-
ing”). In addition, hydraulic conductivity was consid-
ered to exponentially decay with depth. The mean annual
precipitation (from 1981 to 2010) was estimated to be
726 mm by the ©Swedish Meteorological and Hydrolog-
ical Institute, SMHI. Considering the forestry type of the
Krycklan catchment containing dense trees and bushes,
the average annual infiltration rate was assumed to be
a function of effective precipitation (precipitation rate
minus evapotranspiration rate). Hence, the estimated mean
annual runoff provided by the SMHI was set as the infil-
tration rate (i.e., 382 mm/year). Steady state modeling
allowed the use of infiltration as the catchment-scale con-
straint so that the mean value of the vertical flux at the
top surface of the catchment-scale model did not exceed
the mean infiltration value. This constraint was fulfilled
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by using the variable resolution of the topographic ele-
vation data (Section “Regional-Scale Groundwater Flow
Numerical Modeling”).

Modeling Framework

A steady-state multiscale modeling framework was
applied in this study to cover the spectrum of scales
affecting the interactions between the groundwater and
surface water that occur within streambed sediments. Sim-
ilar to the work of Mojarrad et al. (2019b), the flow
problem was addressed at two spatial scales: the catch-
ment scale and streambed scale. The catchment scale
groundwater flow was numerically modeled with a com-
bination of topography- and recharge-controlled bound-
ary conditions of the top surface; whereas the streambed
scale (hyporheic) flow was modeled via exact solu-
tions bounded with streamflow characteristics on the top
(Section “Regional-Scale Groundwater Flow Numerical
Modeling” and “Streambed-Induced (Hyporheic) Flow™).

At the catchment scale, the model was constrained
by data representing the landscape topography, geolog-
ical heterogeneity of both the Quaternary deposits and
bedrock, stream network extension and the mean annual
infiltration rate controlling the overall circulation intensity
of the groundwater (Section “Empirical and Observational
Data” for data description). The momentum equation for
subsurface flow in saturated porous media at a sufficiently
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low Reynolds number is generally derived by neglect-
ing inertia terms while maintaining the potential energy
and adopting a linear friction-loss relationship. This leads
to the well-known Darcy’s law: q (u, v, w) = —KVH.
Here, K (m/s) is the hydraulic conductivity, V is the nabla
operator, H (m) is the total hydraulic head, ¢ (m/s) is
the Darcy velocity vector, and u (m/s), v (m/s), and w
(m/s) are Darcy’s velocities in the x, y, and z directions,
respectively, while bold symbols denote vector quanti-
ties (Whitaker 1986). The application of Darcy’s law in
the three-dimensional (3D) steady-state groundwater flow
equation is described as follows:

d oH d oH d oH
e (e )y (g ) () =0
(1
where H = z, 4+ p/(p X g); z. (m) is the elevation; p (Pa)
is the pressure; g (m/s?) is the acceleration due to gravity;
and p (kg/m?) is the water density. Moreover, x (m), y
(m), and z (m) are the spatial directions, among which
x and y lie on the horizontal surface and z represents
the vertical spatial direction (positive upward). Since
Equation 1 is a linear function, the superposition principle
can be used to separate the total hydraulic head, H (x,y,z)
(m), into individual terms operating on different spatial
scales, as follows:

H(-xvyvz):HS(xsva)"f_HC(-xvy»Z) (2)

where Hs (m) is the streambed-induced hydraulic head
fluctuation and H ¢ (m) is the catchment-scale hydraulic
head. The catchment-scale hydraulic head reflects the
trend and fluctuation in the catchment-scale water sur-
face elevation, whereas the streambed-induced hydraulic
head can be regarded as a local detrended perturbation
of the water surface along the streams and lakes. In this
study, the catchment scale was modeled using numeri-
cal solutions (Section “Regional-Scale Groundwater Flow
Numerical Modeling”). However, an exact solution was
used to represent Hg for streambed-induced flow mod-
eling (Section “Streambed-Induced (Hyporheic) Flow”).
The mean of the absolute value of Darcy’s vertical veloc-
ity of the catchment scale model at z = z’ is evaluated as
follows:

1
<|Wc|)=A—/ (W (x,y.z=2)|) da,  3)
z2JA;

where W (m/s) is Darcy’s velocity in the z direction,
A, (m?) is the surface area, 7z’ (m) is any arbitrary depth,
and d is the differential operator. Darcy’s velocity is
defined as the flow velocity averaged over the entire
cross-sectional area of a porous medium. However, the
seepage velocity (also called the pore water velocity) is
defined as Vseepage = 9fn. Thus, Vseepage (m/s) is the flow
velocity divided by the porosity of the media, n (—), and
is representative of the transport time of inert water in
groundwater. Solute retardation was added to estimate
the solute transport time in different subsurface strata. In
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this study, the retardation of the '>Cs transport time in
different layers was evaluated using fpes = (1 + R) X
twater» Where t (s) is the transport time and R (—) is
the retardation factor for each subsurface stratum due to
sorption and diffusion processes. It should be noted that
twater corresponds to the travel time of water, estimated by
the seepage velocity. The values used for the retardation
factor in rock fractures, as well as in Quaternary deposits
and sediments, were R,,x = 10 and Rop sedimen: = 500
(Jakubick 1979; Neretnieks 1979; Worman et al. 2004).

Regional-Scale Groundwater Flow Numerical Modeling

The catchment-scale numerical model was conducted
in COMSOL Multiphysics®. The bounding rectangle of
the Krycklan catchment (i.e., 11.6 km x 10.3 km) was set
as the horizontal limit of the numerical model’s domain
(64°11.8" N to 64°17.6' N, 19°39.5 E to 19°54.3" E).
The entire domain was stratified into three volume units
representing streambed sediments, Quaternary deposits,
and bedrock where each unit divided into several layers
in the applied finite element method. Here, the streambed
sediment was defined as the top five meters of Quaternary
deposits along the stream network, while the full thickness
of the Quaternary deposits (sediments and underlying
soil strata) was obtained through analysis of the soil
depth data. However, the streambed sediment unit was
removed from the numerical model where bedrock
outcrops existed.

Previous studies have shown that hydraulic con-
ductivity decays with depth for most geological units
(Ingebritsen and Manning 1999; Saar and Manga 2004;
Ryan and Boufadel 2007; Jiang et al. 2009; Grant
et al. 2014; Ameli et al. 2016a). In particular, Ameli
et al. (2016b) used a semi-analytical approach to deter-
mine the depth-decaying hydraulic conductivity in the
Krycklan catchment. Hence, the hydraulic conductivity of
each individual unit is described according to an exponen-
tial function that reflects a decreasing decay with depth in
all media, as follows:

(Z_ztt'p.i)
)

Ki(z) = K(S or QD or B),top €
where the subscript i represents the different units; K g1
(m/s), Kop,wp (m/s), and Kpy,p (m/s) are the hydraulic
conductivities at the top surfaces of the streambed
sediment (S), Quaternary deposit (QD), and bedrock (B)
units, respectively; z;,; (m) is the elevation at the top
surface of the corresponding unit; and § (m) is the skin
depth. Saar and Manga (2004) indicated that the skin
depth varies in the range of 200 to 300m for both
Quaternary deposits and bedrock. In the present study,
we considered § = 250 m for the Quaternary deposit and
bedrock units. Furthermore, //§ is an empirical decay
coefficient for streambed sediments that can be determined
experimentally (Marklund and Woérman 2011). In this
study, the decay coefficient of the streambed sediment
unit was calculated based on the depth-varying hydraulic
conductivity observations reported by Morén et al. (2017)
(Figure S1, supporting information).
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Figure 2. Schematic sketch of the considered porosity, 7, and depth-decaying hydraulic conductivity, K, in the three different
layers of the model. Note that the axes are not to scale. In addition, the multiscale flow processes that are accounted for in
the present study are shown with a schematic cross-sectional sketch. The catchment-scale model only covers the deep and
intermediate groundwater flow fields (blue and green solid lines, respectively), while the streambed-scale model evaluates the
hyporheic fluxes (red solid lines). The superimposed deep and intermediate flows (blue and green dashed lines, respectively)
are influenced by the hyporheic fluxes. Note that the figure is not to scale.

Additionally, the heterogeneity in the hydraulic
conductivity of the Quaternary deposits (K gp) was con-
sidered using a soil map and the associated hydraulic
conductivity patterns over the Krycklan catchment (Sterte
et al. 2018). The bedrock unit was considered as a contin-
uum, where the hydraulic conductivity is represented by
an averaged value for a mixture of both the intact bedrock
and fracture network. In addition, the hydraulic conduc-
tivity of the crystalline bedrock continuum was consid-
ered to decay exponentially using Equation 4, where the
hydraulic conductivity of the top surface of the bedrock
unit was chosen to be 1 x 10~7 m/s based on the values
provided by Ericsson et al. (2006). Macroscopic variation
of the (continuum) hydraulic conductivity was disregarded
because no major fracture zones are known to pass the
investigated area. The porosity of the bedrock unit was
assumed to be 0.001, whereas the porosities of the Quater-
nary deposits and sediment units were assumed to be 0.2
(Figure 2).

The mesh sizes varied both horizontally and vertically
within the ranges of 0.1 to 2 m, 2 to 17m, and 17 to
403 m for the streambed sediment, Quaternary deposit,
and bedrock units, respectively. In addition, the maximum
element growth rate and the curvature factor for the
streambed sediment are 1.15 and 0.1, respectively, while
these change to 1.2 and 0.2 for Quaternary deposits and
1.35 and 0.3 for streambed sediment, respectively. The
water table in the Krycklan catchment was classified
as topography-controlled, which reflects that the water
table is a subdued, smoothed replica of the elevation
of the landscape (Mojarrad et al. 2019b). However,
the correlation between the fluctuating topography and
groundwater level may spatially vary due to the impact
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of infiltration (Haitjema and Mitchell-Bruker 2005). In
particular, topography has a controlling local impact on
the water level where surface water resources exist,
whereas infiltration plays a major role in terrain with high
local elevations (Sanford 2002; Bresciani et al. 2016a,
2016b). Hence, the realistic condition is to set topography-
controlled boundary conditions (i.e., Dirichlet) at lakes
and streams while setting a recharge-controlled boundary
condition (i.e., Neumann) for the rest of the terrain.
Dirichlet boundary condition represents the specified head
boundaries at water resources objects such as lakes and
streams, whereas Neumann boundary condition reflects
specified flux boundaries representing the infiltration from
the precipitation.

Previous studies have indicated that the resolution of
the chosen digital elevation model (DEM) strongly affects
the vertical groundwater flux at the topographic surface,
that is, infiltration or groundwater recharge (Marklund
and Worman 2011; Wang et al. 2018). Therefore, the
top boundary condition of the numerical model was
aligned with the landscape topographic elevation but was
smoothed by changing the DEM resolution over (only)
the recharge areas to constrain the recharge rate to the
observed infiltration of the catchment. The applied method
implies that the numerical solution is formally derived
using a constant head (Dirichlet boundary condition)
at the groundwater table, but the smoothed boundary
also satisfies limited infiltration (Neumann boundary
condition). The smoothing of the groundwater table was
performed by lowering the resolution of the mesh size
of the identified recharge areas via an iterative mesh
approach until the annual infiltration rate of the catchment
was satisfied.
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No flow boundary condition was assumed for the flat
horizontal surface at the bottom of the model. Addition-
ally, the total depth of the domain, D, varied spatially
within the catchment, ranging from 950 to 1250 m depend-
ing on the surface elevation. In addition, the impact of
the sides of the numerical model was accounted for by
applying a constant hydraulic head to the vertical surfaces
of the rectangular domain (Hc (x, y, 2)| =0, and y=0.L, =
Zp(x,y), where Zpg(x,y) is the landscape topographic
elevation and L, and L, represent the lengths of the catch-
ment in the x and y directions, respectively).

Streambed-Induced (Hyporheic) Flow

To superimpose the results of the analyses of
hyporheic flow onto the regional groundwater flow, at the
top boundary of the hyporheic flow domain, we only rec-
ognized the local fluctuations of the streambed hydraulic
head from the regional hydraulic head. Hence, the fluc-
tuations of the streambed hydraulic head were applied as
a boundary condition for the hyporheic flow, that is, the
flow of surface water through streambed sediment inflow
paths that re-emerges into surface water. The hyporheic
flow model was analyzed at all points within the catch-
ment boundaries where discharge from deep groundwa-
ter was found (Section “Spatial Representativity of the
Streambed-Induced Flow”). These areas were used to
determine the effect of hyporheic flow on the discharge
of groundwater.

A hyporheic flow can be decomposed into hydro-
static and dynamic components that are both induced
by the streambed topography. Here, the hydrostatic head
component is conceived as the water-surface elevation,
whereas the dynamic head component is defined as the
deviating pressure variation at the sediment-water inter-
face that varies due to the acceleration of flowing water
over bedforms (i.e., the conversion of velocity head into
a pressure head). Following Mojarrad et al. (2019b) and
Marklund and Worman (2011), the streambed-induced
hydraulic head with an exponentially depth-decaying
hydraulic conductivity can be represented as follows:

N N hm
Hs(x,y,2)=»_Y" |:Cdam,, (i) + (G—ﬁ)}
S.B

j=li=1
. 2

—(=5+/5+ k§+k2)

(A)i.; sin (kix) cos (kjy) x e ( iy ra(84) )2

®)
where N (—) refers to the number of wavelengths,
(A);j (m) are amplitude coefficients determined
from the local streambed topographic elevation,

(A);,j sin (k;x) cos (kjy); k = 2x/x (m ) is the
wavenumber, A (m) is the wavelength, ¢ (m~1) is an
empirical decay coefficient, o« = (K_x or K_y)/K_z
(-) is the anisotropy ratio, and Cgunp(A) is the hydro-
static damping factor representing the smoothness of the
water surface in comparison to the streambed surface,
which has been shown to be a function of wavelength
(Morén et al. 2017). Furthermore, (h_m/(c_(S, B)+/2))
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is the dynamic head coefficient, in which 4, (m)
and ogp (m) are the amplitude corresponding to the
velocity head deviation and the standard deviation of
the streambed topography elevation, respectively, both
evaluated along the stream channel and, thus, constants
within each topographic realization representing the
streambed scale. Fehlman (1985) defined an equation for
estimating the amplitude of the velocity head variation
for a two-dimensional, solid, triangular bedform shape
(Z_BM/) =1/7, in which Zpy (m) is the bedform
height; Elliott and Brooks 1997a, 1997b):

3
2 [()
Iy = 0.28 (2—f> e
g (23343/4113) Zgm/p, > 0.34
(6)

where v, (m/s) is the average flow velocity in the stream,
g (m/s?) is the gravitational acceleration, and D,, (m) is
the flow depth. Later, Stonedahl et al. (2010) extended
Fehlman’s equation to be applicable for sinusoidal
bedforms with an amplitude of Zpgy :2\/305, B, which
was used in this study.

The topography of the landscape and the streambeds
have been shown to follow fractal patterns, allowing a
spectral representation of the head boundary condition, as
well as 3D solutions to topography-controlled groundwa-
ter circulation (Worman et al. 2006, 2007b). The fractality
reflects a constant power law correlation between the
topographic amplitude and wavelength across all scales
in a real Fourier series representing the topographic ele-
vation. This fractal power has been shown to prevail
over a wide range of scales, from continental scales to
bedforms in streams (Worman et al. 2007a), suggesting
that there is a possibility of extrapolating streambed sur-
face topography over scales for which high-resolution
streambed topographic data are not available. Previously,
methods for rescaling observed landscape topography to
smaller scales to generate streambed topography have
been applied (Morén et al. 2017; Mojarrad et al. 2019b).
Here, a similar rescaling method was utilized, using land-
scape topography with a size of 100m x 100m and a
resolution of 2 m x 2 m identified on a DEM of the topog-
raphy surrounding the stream. These regions were rescaled
to a size of 5 m x 5 m and a resolution of 0.1 m x 0.1 m
to represent the streambed topography. It should be noted
that the size of streambed topography and the resolution
of this streambed domain correspond to a length scale
representative to the depth of flow in the hyporheic zone
(Morén et al. 2017). The details of the rescaling process
are described in Mojarrad et al. (2019b).

Although the hyporheic flow solution according to
Equation 5 applies to a domain of infinite extent in the x-,
y- and z-directions, the hyporheic flow was represented
using 5 mx 5 m x 5 m extracted from the flow field using
discharge points of the deep groundwater. In addition, the
hydraulic conductivity of the hyporheic-scale model was
determined via Equation 4 (i.e., similar to the streambed
sediment unit of the regional-scale model).

Zgm/p,, < 0.34
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Spatial Representativity of the Streambed-Induced Flow

This study recognized uncertainties in the hydrostatic
and dynamic head boundary conditions by performing a
sensitivity analysis on the parameters in Equation 5, while
the uncertainty in the other parameters of the hyporheic
flow model (such as hydraulic conductivity, and so on)
and in those of the catchment-scale flow model was not
formally analyzed. Due to the uncertainty in the hydro-
static damping factor and dynamic head coefficient, a
Monte Carlo sensitivity analysis was conducted to pro-
vide a statistically representative sampling of the possible
streambed-induced flow fields. The hydrostatic damping
factor reflects the ratio of the water surface to bedform
variations and ranges between 0 and 1. In addition, the
streambed-induced dynamic head coefficient depends on
the flow velocity, flow depth, and variation in the bed-
form elevation (Equation 6). Since the aim of the study
was to investigate the impact of hyporheic fluxes on deep
groundwater discharge zones, the stream flow velocity
and flow depth of the hyporheic dynamic head coefficient
should be representative of the deep groundwater dis-
charge points along the stream-lake network. Hence, the
catchment-scale groundwater flow discharge points were
clustered into 30 different subcatchments (based on the
deep groundwater discharge locations at the topographic
surface) to represent a broad range of stream flow charac-
teristics within the study area. Then, the flow velocity and
water depth were estimated for each subcatchment based
on the corresponding drainage areas and mean values of
the physical characteristics of the stream segments identi-
fied for each of the subcatchments (Table S1 and Figure S2
in the supporting information). Consequently, the deep
groundwater discharge points at the topographic surface
that were grouped together were assumed to have the same
flow velocity and flow depth values in the streambed-scale
model.

Equation 5 shows the impact of streambed topo-
graphic elevation, (A); ; sin(k;x) cos (k j y), on the
hyporheic flow hydraulic head given a specific hydro-
static damping factor and dynamic head coefficient.

Hence, 20 arbitrary landscape topographies were selected
(red squares in Figure 1b) and rescaled to streambed
topographies (Section “Streambed-Induced (Hyporheic)
Flow”) to be used in the Monte Carlo sensitivity analysis
of the hyporheic flow. This method provides a broad range
of possible bedform variations within the catchment.
Furthermore, the uncertainty in the quantitative analysis
of the streambed-induced flow field was accounted for
by conducting a Monte Carlo analysis based on 400
randomized combinations of hydrostatic damping factors
(from a uniform distribution of [0-1]) with streambed
topographies (from 20 rescaled streambed bedform
variations). Finally, these 400 samples obtained from the
Monte Carlo analysis were used to calculate the hydraulic
head for each of the 30 clusters of deep groundwater
discharge points (reflecting 30 different stream flow
velocities and water depths), and the results were used
to represent the uncertainty for a given cluster. Conse-
quently, when analyzing the entire watershed, 12,000
(=400 x 30) realizations of hydraulic head variability
at the streambed scale were used. A summary of the
samples applied in the analysis is presented in Table 1.

Particle Tracing

Particle tracking was used to identify streamlines
that follow hyporheic, intermediate and deep groundwater
flows. Deep groundwater was defined as flow that
entered the bedrock, and intermediate groundwater was
determined to only be present in Quaternary deposits.
Hyporheic flow contains streamlines starting and ending
in the stream bottom within a 5-m spatial scale. Particle
tracking was conducted at two different spatial scales: the
regional scale (i.e., entire catchment) and local scale (i.e.,
S5mx5mx5 m).

Regional-scale particle tracking was conducted to
evaluate deep groundwater discharge zones and to distin-
guish the deep and intermediate groundwater flow fields
(Section “Particle Tracing in Regional Groundwater Flow
Fields”). In addition, particle tracking was conducted on a
large number of 5 m x 5 m x 5 m containing a hyporheic

Table 1

Schematic Description and Summary of the Considered Samples in the Analysis

Streambed-Induced Hydraulic Head Components

Dynamic Head Coefficient

Component (

hm
US,Bﬁ

Hydrostatic Head
Damping Factor
) Cdamp

Principal parameter Ve

Description of the considered
samples Supporting Information)
Included in Monte Carlo —
simulation
Number of samples 30
Number of 5 mx5 mx5 m
streambed-scale realizations

30 different subcatchments (Figure S2,

D w 0SB
20 different streambed Random number within
topographic variations the 0-1 interval
(Figure 1b)
v v

400
30 x 400 = 12,000
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flow field in deep groundwater discharge zones in the
absence and presence of upwelling groundwater (both
deep and intermediate flows) to investigate the impact of
hyporheic flow on deep groundwater discharge.

Particle Tracing in Regional Groundwater Flow Fields

A particle-tracing routine was implemented in the
catchment-scale model to analyze the distribution of deep
groundwater flow paths (Genel et al. 2013). A total
of 10,000 inert particles was released from 100 x 100
uniformly spaced grid points over a flat horizontal surface
located at a depth of approximately 500m below the
minimum topographic elevation and tracked over time
until all the particles either exit the flow domain via
the lateral sides or reach the top surface of the model.
The concept of a time period in steady-state particle
tracing is strictly numerical; particle tracing uses the
evaluated velocity fields from the steady-state Darcy’s
law to determine particle positions. In this study, the flow
paths of particles that reached the surface from a depth of
500 m were considered to represent the deep groundwater
flow in all subsequent analyses.

Particle Tracing in Superimposed Flow Fields

The 12,000 realizations of streambed-induced flow
involved 400 streambed-scale models for each of the
30 subcatchments (i.e., flow properties). Cubes of
5Sm x 5 m x 5 m at the deep groundwater discharge zones
contained groundwater flow from different spatial scales
(i.e., from shallow to deep groundwater flows). In addi-
tion to deep groundwater flow, “intermediate groundwater
flow” was defined from particle trajectories starting in
recharge areas of the catchment flow model but confined
to Quaternary deposits and sediment units (i.e., without
entering the bedrock unit) (Figure 2).

The velocity vector for each cube containing inter-
mediate and deep groundwater particles that reached
the topographic surface within the catchment bound-
ary was extracted with a resolution of 0.1 m from the
catchment-scale model. The catchment-scale groundwa-
ter velocity field was superimposed on the correspond-
ing streambed-scale velocity field, which was evaluated
using the local stream flow properties at deep groundwa-
ter discharge clusters (Section “Spatial Representativity
of the Streambed-Induced Flow”). Subsequently, a set of
50 x 50 particles with a uniform grid distance interval of
0.1 m was released at the bottom of the domain of each
superimposed flow field (i.e., at a depth of 5 m). The
released particles were tracked as they migrated toward
their final destinations at the domain boundaries to eval-
uate the impact of the streambed-induced flow field on
intermediate and deep groundwater flows (Figure 2). The
travel times of the individual released particles in the
superimposed model were evaluated.

Fragmentation of the Hyporheic Flow and Groundwater
Discharge Zone

In addition to the deep groundwater travel time in the
superimposed models, the analyses also covered how the
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hyporheic flows affected the spatial distribution of various
sizes of catchment-scale groundwater upwelling zones at
streambed interfaces. The fragmentation of hyporheic, as
well as groundwater, upwelling is defined as a shift in
the distribution of coherent areas of upwelling hyporheic
and groundwater flows at the streambed interface toward
smaller areas. A coherent upwelling area is defined as
a set of all adjacent areas in the numerical model with
upward flow. These areas represent streambed areas with
upwelling deep groundwater, whereas other areas are not
subjected to upwelling deep groundwater.

The fragmentation analysis was conducted on hypor-
eic flow and deep groundwater flow discharge zones
using the particle-tracing results for the Sm x5 m x5 m
domains with and without superimposed catchment scale
and hyporheic flows. In addition, fragmentation analysis
was conducted on the catchment-scale model’s top sur-
face (with a resolution of 5 m x5 m) to determine the
size distribution of coherent groundwater upwelling zones.
Numerically, coherent upwelling areas were evaluated at
the top surfaces of the streambed-scale and catchment-
scale models using an orthogonal mesh with resolutions
0of 0.1 m x 0.1 m and 5 m x 5 m, respectively, wherein the
flow velocity values were considered only in the orthog-
onal directions.

Results

Groundwater Flow Field

The catchment-scale groundwater results showed
that the groundwater fluxes at depths shallower than
approximately 70 m were substantially influenced by the
resolution of the water table DEM. The mean value
of the absolute vertical velocity of the catchment-scale
groundwater flow in recharge zones, (|W¢|), was used
to evaluate the impact of the DEM resolution on the
groundwater flow intensity. The results showed that
decreasing DEM resolution (i.e., larger mesh size) only
across groundwater recharge zones significantly affected
(|We|) at the water table (z = 0) (Table 2 and Figure 3).
In addition, the mean value of deep groundwater vertical
velocity at the topographic surface slightly decreased
when a larger mesh size in the DEM files was used.

By successively revising the resolution of the topo-
graphic data in downwelling areas, we found that an 84 m
resolution corresponded to {|W¢|) = 379 mm/year. Since
this value corresponded to the approximate estimated infil-
tration by the SMHI, (i.e., 382 mm/year) of this area, it
was kept as a plausible model setup reflecting the intensity
of groundwater circulation and, hence, the magnitudes of
the discharge velocities. The results highlighted the fact
that the applied resolutions of the topographic data influ-
enced the vertical flux to a depth of 70 m but did not
significantly influence the flux below this depth (Figure 3).

The discharge points of the particles released at
500-m depths were evaluated through a particle-tracing
method in the catchment-scale model. The particle
statistics show that 4434 (=2743 4+ 1691) of the released
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Table 2
The Impact of DEM Resolution in Groundwater Recharge Zones on (|W¢|) at the Water Table (z = 0)

DEM Resolution in
Recharge Zones (m)

DEM Resolution in
Discharge Zones (m)

(|Wc|) at Water Table

Mean Value Of Vertical
Velocity of Deep Groundwater

(z = 0) (mm/year) Discharge Flow (m/s)

3073 9.91E-08
542 2.58E—08
379 1.95E—-08
203 9.37E-09

2 2
70 2
84 2
120 2
,|0'1 T T
=2 m resolution of topography data
= Variable resolution of topography data (2 m and 70 m)
= Variable resolution of topography data (2 m and 84 m)
——— Variable resolution of topography data (2 m and 120 m)
_100 E |
E
< 1E &
=, -10
o
A
10 F 3
10’ 3 1 0 1 3 4
107 10~ 10 10 10 10 10° 10
(W) tmmiyear]

Figure 3. Mean values of the absolute vertical velocity of
the catchment-scale model in groundwater recharge zones,
{(IWc|), as a function of depth. The results were derived
using a general DEM resolution of 2 m in the discharge
areas and different resolutions for the recharge areas: 2 m
DEM (red line), 70 m (black line), 84 m (blue line), and 120 m
(magenta line).

particles had initial positive (upward) vertical velocities,
and 2743 particles reached the top surface of the
model. A schematic sketch showing the details of the
particle-tracing statistics is presented in Figure S3 in
the supporting information. In addition, 1552 discharge
points at the topographic surface were located within the
catchment area, while the rest of the particles reached the
top surface (i.e., 1191 particles) outside of the catchment
boundaries (Figure 4). The discharge locations for the
deep groundwater particles with initial positive vertical
velocities at a depth of 500 m revealed that the majority
of the particles reached the surface in lowland areas along
the stream network and in lakes. Eleven lakes exist in
the Krycklan catchment, and the results indicated that
162 particles (or 10%) representing deep groundwater
discharge points reached the lakebed surface.

The catchment-scale modeling results indicated that
the travel times of the inert particles (quantified using the
seepage velocity) that reached the top surface of the model
substantially differed among different units (i.e., bedrock,
Quaternary deposit, and sediment units) (Figure 5). These
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results were due not only to the different porosities,
hydraulic conductivities and depths of these units but
also to a successive acceleration of the flow toward the
top surface associated with the hierarchical structure of
groundwater flow cells (Cardenas 2007; Wang et al. 2016).
The results indicated that the travel times for particles
released at a 500-m depth were longest in the bedrock unit
(in the range of 100 to 40,000 years), while the particle
travel times corresponding to the Quaternary deposit unit
were substantially shorter (in the range of 2 to 120 years).
The travel times of particles within the upper 5-m sedi-
ment unit were even shorter than those in the other units
and varied between 0.4 and 80 years. The median travel
times of the particles in the bedrock, QD, and sediment
unit were approximately 750, 10, and 8 years, respectively.
The inclusion of solute retardation in the subsurface strata
substantially increased the travel time, especially in the
Quaternary deposit and sediment units. In particular, the
median transport times of '3°Cs in the different units were
all found to be on the order of 103 years (i.e., the bedrock,
Quaternary deposit, and sediment units).

Streambed-Induced (Hyporheic) Flow Field

The streambed-scale flow fields were quantified for
12,000 realizations (i.e., 30 subcatchments representing
the local stream flow velocities and depths and 400 sam-
ples obtained by a Monte Carlo simulation with random
combinations of streambed topographic variations and
hydrostatic damping factors). The results demonstrated
that the mean value of the absolute vertical velocity at the
streambed interface, (|Wg|), always had a median value
in a range of 3 x 107® to 9 x 107® (m/s) (Figure S4 in
the supporting information). The dynamic coefficient var-
ied with variations in the topographic elevation, as well
as variations in the stream flow characteristics within the
catchment. The contributions of the hydrostatic head and
dynamic head to the total streambed hydraulic head were
evaluated by comparing the results obtained through the
consideration of only the hydrostatic head damping factor
(Figure 6b) or dynamic head coefficient (Figure 6a and
Table S2 in the supporting information).

The results showed that the Froude number (Fr =
\/;fﬁ) plays a major role in the relative contribution
of the dynamic head coefficient; the higher the Froude
number is, the larger the dynamic head contribution
(Figure 6a). The reason for this is that the amplitude of
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Figure 4. Discharge locations of particles released from a depth of 500 m from the minimum topographic elevation of the
catchment. The discharge locations are represented by purple points. In addition, the topographic elevation range is presented
with contours in which the colors range from blue to red as the elevation increases. The stream network and catchment
boundary are represented by the blue line and gray zone, respectively.

the hyporheic dynamic head depends on the ratio of the
squared stream flow velocity to its depth (Equation 6). The
exact ratio varies with the relative penetration of bedforms
(Zpu/D,,), but generally, increasing the flow velocity
and/or decreasing the flow depth leads to an increased
contribution of the dynamic head component to the total
hyporheic head. The results of the Monte Carlo simulation
for the study domain revealed that the contribution of
the dynamic head component became higher than that of
the hydrostatic head component when the Froude number
was greater than approximately 0.450. However, most
samples in the applied Monte Carlo simulation had Froude
numbers that were lower or even much lower than 0.45,
at which the hydrostatic head component dominated the
total streambed-scale hydraulic head (Figure 6c).

The Impact of Streambed-Induced Flow on the
Discharge of Regional Groundwater

Three metrics were selected to assess the impacts of
streambed-induced fluxes on the groundwater flow field:
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(1) the travel time of groundwater flow in the streambed
sediments, (2) the groundwater flow direction near the bed
surface, and (3) the fragmentation of coherent ground-
water upwelling areas at the sediment bed. The results
revealed that the travel time of the discharging groundwa-
ter near the topographic bed surface substantially depends
on the penetration depth of the groundwater flowpath. The
analysis of the groundwater flow field (in the absence of
a streambed-induced flow field) showed that intermediate
flow paths that circulated only in Quaternary deposits had
shorter travel times within the sediment unit than those
of deep groundwater flow emanating from a 500-m depth
(Figure 7, solid lines). In particular, the mean travel time
of the intermediate groundwater flow was only approxi-
mately 1/3 of the travel time of the deep groundwater flow
within the sediment unit. In addition, the superimposed
flow field revealed that the streambed-induced hyporheic
flow substantially decreased the travel time of the dis-
charging groundwater within the sediment unit (Figure 7,
dashed lines). This hyporheic-induced amplification of the
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Figure 5. Cumulative distribution function plots of the
water travel time (solid blue line) and '33Cs transport time
(dashed red line) in the (a) bedrock, (b) Quaternary deposit,
and (c) sediment domains. It should be noted that the results
correspond to particles with initial positive vertical velocities
that were released from a depth of 500 m from the minimum
topographic elevation and reached the top surface.

groundwater seepage velocity was stronger for flow paths
with lower seepage velocities, that is, longer travel times,
highlighting the strong influence of the streambed-induced
fluxes on deep groundwater flow.

The groundwater flow directions near the streambed
surface were substantially influenced by the streambed-
induced fluxes and hyporheic flow. Figure 8 shows the
divergence of the upward groundwater flow fields from
their trajectory paths due to the presence of hyporheic
flow fields in two arbitrary superimposed flow fields
representing a dynamic head coefficient of 0.08 and
hydrostatic damping factor, Cgamp (A; = 5 m), values of
0.73 (Figure 8a and 8b) and 0.13 (Figure 8c and 8d). The
depth-decaying hydraulic conductivity in the streambed-
scale models controls the depth at which streambed-
induced flows start to impact the groundwater flow field.
Figure 8a and 8b shows that the influence of hyporheic
flows on groundwater discharge begins at depths between
2.5 and 3.5 m from the topographic surface, while the
impact occurs at shallower depths in Figure 8c and 8d.
Due to the impact of the streambed-induced flow field,
the vertical upwelling of the groundwater was found
to be separated (or fragmented) into a few detached
small areas of groundwater discharge at the streambed
interface. A decrease in the hydrostatic damping factor
(increased damping) resulted in a stronger impact of the
streambed-induced flow field on the upward groundwater
flow (compare Figure 8a and 8c) and resulted in smaller
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upwelling areas at the streambed interface (compare
Figure 8b and 8d).

The distribution of the catchment-scale groundwater
upwelling areas at the streambed interface was signifi-
cantly affected by the streambed-induced fluxes. To assess
the fragmentation of groundwater flow at the streambed
interface, the distribution of coherent upwelling areas was
quantified at the top surfaces of the streambed-scale model
and catchment-scale model (i.e., without consideration of
hyporheic flows) with resolutions of 0.1 and 5 m, respec-
tively. The fragmentation of the upwelling areas presented
as a shift of the cumulative distribution functions, CDFs; a
higher fragmentation shifted the corresponding CDF plot
toward smaller areas. The fragmentation results showed
that in the absence of hyporheic flow fields, 96% of the
coherent upwelling areas of the regional groundwater flow
were larger than the size of the streambed-scale model’s
top surface (i.e., discharge areas were larger than 25 m?)
(Figure 9a, solid blue line) and that the median value at
the top surface was 400 m? (Figure 9b, dashed blue line).
The deep groundwater upwelling flow accelerated and
thus contracted toward the topographic surface, showing a
variation in the upwelling flux area that occurred along the
deep groundwater flow trajectories toward the topographic
surface. In particular, the ratio of the deep groundwa-
ter upwelling area at the release point (Ared=—s500 m))
to the deep groundwater upwelling area at the bottom of
the sediment unit (Area=—_s ) indicated the contraction
of the flow area ranging between 1 x 10™* and 1 x 1072
(Figure S5 in the supporting information).

On the other hand, when considering only the
streambed-scale model that contained only hyporheic flow
paths, the areas with coherent upwelling were found to
be less than 7.5 m? (30% of the total streambed area)
(solid red line in Figure 9). As expected, the upwelling
of the streambed-induced flow was more fragmented than
the upwelling of the regional groundwater flow (shifting
toward smaller areas in the CDF plots). When taking the
streambed-induced fluxes into account, the coherent areas
of upwelling groundwater were substantially lower, with
approximately 95% of coherent upwelling areas in the
superimposed models being less than 1.25m? (5% of the
top surface of the streambed-scale model) (Figure 9, solid
magenta line). Thus, by comparing the fragmentation of
groundwater upwelling areas with and without streambed-
induced fluxes, a strong influence of hyporheic flows on
the fragmentation of groundwater upwelling areas was
revealed.

Discussion

Generally, ambient groundwater affects the hyporheic
depth, while the streambed-induced flow changes the
upwelling groundwater in terms of both the flow velocity
and flow direction near the bed surface (Cardenas and
Wilson 2006; Boano et al. 2009; Mojarrad et al. 2019a).
The implication is that the exchange of natural solute
elements and heat emanating from deeper groundwater
are affected by the presence of hyporheic flows; this is
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Figure 6. Streambed-induced hydraulic head factors that were used in the Monte Carlo simulation for different areas in
different parts of the study catchment (Figure S2 in the supporting information for the drainage area labels) sorted by the
Froude number values of the flow properties in various subcatchments: (a) the distribution of the dynamic factor for each
drainage area, (b) the distribution of the hydrostatic damping factor for each drainage area, and (c) the mean dynamic
coefficient (blue color) and hydrostatic damping factor (red color) values for each drainage area.

especially manifested in terms of very narrow pinholes of
deep groundwater flows into surface water systems.

Regional Groundwater Flow Travel Time

The results of the catchment-scale modeling showed
that the resolution of the topography of the groundwater
table controls the modeled groundwater fluxes, similar
to what has previously been found (Marklund and
Worman 2011). The natural boundary condition consists
of both topography-controlled head (at lakes and streams)
and recharge-controlled head (at topographic surfaces
with downward flow directions) boundary conditions. The
results highlighted the role of the DEM resolution in
infiltration zones, which allowed us to formally apply
a head boundary condition that also satisfies the natural
infiltration condition. Only decreasing the DEM resolution
over the recharge zones while maintaining the high DEM
resolution (i.e., 2 mx2 m) in discharge zones (i.e.,
stream networks, lakes, etc.), allows us to evaluate in-
and exfiltration zones via discontinuities in topographic
gradients throughout the river network in the catchment-
scale model (Stanford and Ward 1993). Decreasing the
DEM resolution over the recharge areas by itself is
a simplification that can be used when the spatially
distributed data of the infiltration rate are not available.
Representing the groundwater table in recharge areas via
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finer resolution of the DEM addresses the constraints
of infiltration on the water table geometry and can be
matched to the observed mean annual infiltration rate of
the region.

In this study, the topography-controlled boundary
condition was taken as the landscape topography at the
discharge location in a stationary model. However, due to
the rapid adaptability of groundwater flow to variations
in boundary conditions, nonstationary conditions are less
important to instantaneous groundwater discharge in the
case of groundwater flow with a travel time in the
range of hundreds to thousands of years. In addition,
the role of hydrological variation and, in particular, the
variable recharge rate, which could potentially affect
the contribution of water from various spatial scales in
subsurface discharge regions, was not investigated and
is recognized as a limitation, especially for groundwater
flows with short travel times (Dams et al. 2012).

In this study, the groundwater discharge zones were
found to align well with the river network (representing
90% discharge points) and/or lakes (representing 10%
discharge points), which were topographically low points
in the landscape with frequent relatively deep Quaternary
deposits similar to those found by Marklund et al. (2008)
and Caruso et al. (2016). Previous studies have indicated
that the deep groundwater discharge location at the
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Figure 7. Cumulative distribution function plot of the inter-
mediate (green color) and deep (blue color) travel times
(using seepage velocity) of the groundwater flow within the
sediment layer (i.e., 5 m x 5 m x 5 m); the solid lines rep-
resent the catchment-scale results (without the streambed-
induced flow influence), whereas the dashed line represents
the superimposed results (catchment-scale flow superim-
posed with the streambed-scale induced flux). Descriptions
of the different flow types are presented in Figure 2.

topographic surface is primarily controlled by topographic
variation, and the distribution of the fracture network
only slightly affects the discharge locations (Selroos
et al. 2002; Marklund et al. 2008; Welch et al. 2012).
In the absence of detailed data for the study region,
the bedrock was assumed to be a continuum subsurface
stratum with average hydraulic conductivity, and the
horizontally constant hydraulic conductivity was assumed
to decay with depth (Figure 2). Depth-decaying hydraulic
conductivity has previously been suggested for the
Krycklan catchment (e.g., Ameli et al. 2016b). Moreover,
in the present study, the applied depth-decaying hydraulic
conductivity function was based on regional hydraulic
conductivity field measurements conducted by Swedish
Nuclear Fuel and Waste Management, SKB (Ericsson
et al. 2006). Horizontal variability in the hydraulic
conductivity was assumed, but only for the overlying
soil strata (Quaternary deposits and possible aquatic
sediments). These uppermost units have a dominant effect
on the discharge of groundwater, and thus, we believe
that this simplified model represents the most important
patterns in hydraulic conductivity.

In addition, the locations of discharge zones at the
topographic surface adapt relatively quickly to changes in
boundary conditions, and the location of discharge follows
the valleys in the lowlands, which could vary slightly
within less than 3 mega-annum (mega-annum abbreviated
as Ma, where 1 Ma is equal to 1 million years) in northern
Sweden (Lidmar-Bergstrom 1996). Since our results for
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groundwater transport time (Figure 5) are in the range of
hundreds to thousands of years, they are representative of
stationary/quasi-stationary conditions but not necessarily
of a specific historic or future period transport scenario.

The particle tracing results of this study showed
that the travel times of groundwater flows in bedrock
with thicknesses greater than 450 m were in the range
of 100 to 40,000 years, which confirms the findings of
Ericsson et al. (2006). However, the median value of
the groundwater travel time in the bedrock unit in our
study slightly differs from what Ericsson et al. (2006)
found (750 and 1200 years, respectively). The difference
between the median groundwater travel time in the
bedrock unit determined in this study and that determined
by Ericsson et al. (2006) is due to the variation in
the study areas, which is reflected, for example, in
the thicknesses of the bedrock units, as well as in the
differences in the applied function describing how the
hydraulic conductivity decays with depth. Each particle
in the applied particle tracing represents a fraction of
release plane area. While the represented upward flow
by each particle is constant; the flow area decreases
toward the topography surface due to impacts from the
nested multiscale flow fields (Figure S5 in the supporting
information). Hence, the flow velocity increases according
to the flow continuity reason (i.e., flow velocity and flow
area are correlated inversely).

The travel times of the catchment-scale groundwater
vary among different units due to variations in the unit
thickness, porosity, and hydraulic conductivity values.
Furthermore, the solute transport time is longer than
the water travel time due to the retardation induced by
sorption and diffusion processes. Solute and contaminant
retardation varies between different subsurface strata and
depends on several parameters, such as soil porosity,
the fracture size of the bedrock, and the ratio of
adsorbed mass to dissolved mass within the subsurface
unit (Kutilek and Nielsen 1994; Xu and Woérman 1999;
Worman et al. 2004). Hence, a higher retardation factor
in Quaternary deposits and sediments compared with that
in bedrock leads to the accumulation of solutes and
contaminants within aquatic sediment for long periods
of time, which needs to be considered in solute and
contaminant fate and transport. The retardation coefficient
is usually considered a constant value for a given
material, but the spatial heterogeneity in the permeability
of a single subsurface unit (e.g., sediment) leads to
heterogeneous retardation coefficients (Piqué et al. 2013).
In addition, the retardation coefficient is determined using
breakthrough curves, BTCs (Li et al. 2009), in which
increased groundwater flow velocities near the bed surface
that occur due to the impact of the hyporheic flow
fields change the shapes of the BTCs and, consequently,
the values of the retardation coefficients of streambed
sediments.

Nested groundwater flow systems comprise subsur-
face flows across a wide range of spatial scales, all
with different flow properties. The applied multiscale
approach of this study addresses regional, intermediate
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Figure 8. The impact of hyporheic fluxes (red lines) on the upwards groundwater flow (magenta lines) in the superimposed
models (including both intermediate and deep groundwater flows). The figure corresponds to 2 arbitrary superimposed cases
using a dynamic head coefficient of 0.08, hydrostatic damping factor of 0.73 (a and b) and a hydrostatic damping factor of
0.13 (c and d); (a) and (c) display three-dimensional views; and (b) and (d) display side views.

and hyporheic flow systems, which is consistent with
the hierarchically nested groundwater flow cells first
described by T6th (1963). In addition to basin geometry
and the surface topography, as described by Té6th (1963),
the geological heterogeneity of the subsurface hydraulic
conductivity, such as dependent on stratification and soil
type, significantly impacts the local, intermediate and
regional groundwater flow velocity and discharge zones
(Freeze and Witherspoon 1967; Jiang et al. 2010, 2011). In
particular, the soil heterogeneity can potentially enhance
or hinder the groundwater flow; hence, the location and
size of groundwater discharge zones often follow the geo-
logical heterogeneity (Cardenas and Wilson 2007; Sawyer
and Cardenas 2009). Fracture zones could also emphasize
or counteract groundwater flow circulation, but it does
not significantly alter the behavior of mean groundwa-
ter flow (Gelhar and Axness 1983). In this study, deep
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groundwater flows mostly reached the topographic sur-
face downstream in the lowest part of the catchment,
which also had a lower slope and contained soils with
higher hydraulic conductivity than the upper part of the
catchment (e.g., Figure 4).

Furthermore, this study also separates the treatment
of discharge and recharge zones by applying different
top boundary conditions, and the local-scale investiga-
tion focuses on the boundary conditions that arise in
surface water systems and impact hyporheic flow. These
interactions have not been considered in the previous lit-
erature incorporating the subsurface flow-nested perspec-
tive. In this study, the modeled water travel times for
the intermediate groundwater flowing from recharge areas
to discharge points throughout the entire catchment are
presented in Figure 7. The median value is approximately
2.5 years, which is on the same order of magnitude as the
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exchange fluxes (i.e., solid magenta line) in 5 m x 5 m x 5 m regions and (b) groundwater flows (dashed blue line) in the

catchment-scale model.

results (1.2 to 7.7 years) obtained by a recently published
study performed in the same catchment area (Jutebring
Sterte et al. 2021). The results showed a substantial dif-
ference in the sizes of the discharge areas of the regional
groundwater and hyporheic flows at the streambed inter-
face (Figure 9), in which the groundwater flow discharge
area was significantly fragmented into smaller areas under
the influence of hyporheic fluxes. Hence, in addition to
the previously determined characteristics, such as ground-
water trajectories (Vissers and van der Perk 2008; Wang
et al. 2014) and the groundwater residence time distri-
bution (Wang et al. 2016), the sizes of the discharge
areas of subsurface flows at the streambed interface can
be used to distinguish the regional and hyporheic flows
in hierarchically nested groundwater flow systems. The
investigation of hierarchically nested groundwater flow
systems improves our understanding of quantitative and
qualitative groundwater flow-related phenomena, includ-
ing the fate and transport of solutes and contaminants
(Zijl 1999).

Representativity of the Streambed-Induced Flow Field

The streambed-induced flow field depends on the
contributions of the hydrostatic and dynamic hydraulic
heads to the head boundary condition at the streambed-
subsurface interface. The stream Froude number and
streambed topographic variation are primary factors that
control the hydrostatic and dynamic contributions to
the pressure along the streambed (Tonina and Buffing-
ton 2007; Kiser et al. 2013). The stream bedform vari-
ations governing hyporheic flows were represented by
selecting 100 m x 100m representative areas from the
entire catchment, which were then rescaled to streambed
topography and used in Monte Carlo simulations. There-
fore, the result of this study stands for the hyporheic
and superimposed flow fields that are in the range of
considered bedform variations in Table S3 of supporting
information.
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The rescaling of streambeds applied in this paper is
consistent with the known fractal distributions between
streambed and continental landscape scales (Hino 1968;
Nikora et al. 1997; Turcotte 1997; Worman et al. 2007a,
2007b); however, it also assumes a similarity in the
actual (real) shape, which we assume is only a regional
behavioral trait. Although this procedure is not supported
by previous studies, it provides an estimate of streambed
topography when such data are lacking over larger
regions. This approach implies that the spatially average
flux follows the power spectral density of the topography
(Morén et al. 2017, Equation (7a)), but it is only used
to qualitatively demonstrate the nature of the hyporheic
flow fields. Mojarrad et al. (2019b) demonstrated that
the uncertainty in the hydrostatic damping factor has a
substantial impact on the streambed-induced flow field.
Field experiments reported in the literature indicate that
there is high uncertainty in the hydrostatic damping factor
at spatial scales less than 20m (Morén et al. 2017;
Mojarrad et al. 2019b).

In this study, a Monte Carlo simulation with 400
randomized combinations of hydrostatic damping factors
(from a uniform distribution ranging between 0 and 1) and
streambed topographies (from 20 different realizations)
was used in a sensitivity analysis of hyporheic flows.
In addition, the streambed-induced dynamic head was
evaluated using data from the available discharge stations
and the corresponding drainage area of each of 30
subcatchments (i.e., discharge clusters), along with the
mean values of the physical characteristics of the stream
segments. Thus, the statistical (aleatoric) uncertainty in
the hydrostatic and dynamic head contributions to the total
hyporheic hydraulic head was addressed using the applied
Monte Carlo sampling approach.

The hydrostatic head component dominated most of
the streambed-scale total hydraulic head is consistent
with the previous findings of Mojarrad et al. (2019b).
The depth-decaying hydraulic conductivity behavior of
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streambed sediment has been demonstrated in pre-
vious research using field-measured data (Ryan and
Boufadel 2007; Song et al. 2007). These studies generally
confirmed the presence of depth decay in the hydraulic
conductivity, which is more pronounced at shallow depths
and then decreases with depth similarly to an exponential
function (Singh et al. 2014). Therefore, in this study, we
recognized the depth-decaying trend in hydraulic conduc-
tivity, and the exponential decay function was fitted to
the general stream data measured by Morén et al. (2017).
Furthermore, one can consider how grain-size distribu-
tions and soil porosity vary with depth and theoretically
argue that these trends would affect the hydraulic conduc-
tivity that supports the selection of the functional type.
As a consequence, the epistemic (systematic) uncertainty
included in the hyporheic flow fields, which is induced
by the depth-decaying hydraulic conductivity function and
the spatial heterogeneity of streambed sediments, was not
recognized in this study.

Dominant Behavior of the Streambed-Induced Fluxes

In hierarchically structured groundwater flows,
upwelling groundwater is known to converge and accel-
erate toward discharge zones (Wang et al. 2016), but in
addition, our findings emphasize that this convergence
phenomenon is particularly strong near streambeds
due to the impact of hyporheic fluxes (Figure 8). As a
consequence, the distribution of the coherent groundwater
upwelling areas was found to be shifted toward much
smaller regions that resembled pinholes at the streambed
where the deep groundwater flow penetrated through
hyporheic flow (Figures 8 and 9). This effect can be seen
as a “fragmentation” of the discharge zones. The results
of the pinhole groundwater discharge pattern found in this
study confirm the findings of Lidman et al. (2013), who
observed small areas of groundwater discharge through
a field investigation using uranium, thorium, and radium
measurements, and findings by and Ploum et al. (2018),
who used a variety of data, including temperature signals
from groundwater in surface water.

Since the distribution of flow paths in the sediments
is highly important for understanding the hydrological,
biological and ecological processes at the streambed inter-
face (Mathers et al. 2014; Mendoza-Lera and Datry 2017;
Fox et al. 2018), the revealed convergence of groundwa-
ter flow paths near the streambed interface is hypothesized
to be of great importance for groundwater-surface water
exchange processes. The temperature differences between
deep groundwater flows and hyporheic exchange fluxes
(Mamer and Lowry 2013) reflect a pronounced spatial
focusing of the discharge zones of heat and mass transfers
emanating from deep groundwater due to the strong pin-
hole behavior of groundwater at the streambed interface.
The degree of groundwater discharge convergence and
fragmentation substantially depends on the magnitudes of
the streambed-induced fluxes and the vertical velocities
of groundwater flows, especially their ratio. Therefore,
it is clear from the model approach used in this study
that fragmentation of groundwater discharge is much more
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pronounced in streambed sediments than in lake bottoms
that are less subjected to hyporheic flows.

The correlation between the fragmentation of dis-
charge zones and the flow travel time was not directly
investigated in this study, but the reductions in travel
time of both intermediate and deep groundwater flow
(Figure 7) and in the discharge areas of the groundwa-
ter flow in the streambed sediment (Figure 9) in the
presence of a hyporheic flow field suggest an inverse
correlation between fragmentation and the travel time of
the flow. This indicates that the greater the fragmen-
tation is, the lower the groundwater flow travel time.
This finding could be expected due to flow continuity,
whereby the discharge area and time are directly cor-
related for a constant flow tube and for approximately
the same flow trajectory. Thus, as the groundwater flow
converges in smaller areas due to the streambed-induced
fluxes, the flow velocities increase for both the interme-
diate and deep groundwater. The travel time of the flow
has an inverse relationship with the flow velocity, indi-
cating that higher velocities reduce the flow travel times
of aquatic sediments (Figure 7). An implication of these
results is that relatively shorter groundwater flow travel
times within the streambed sediment impact hyporheic
habitat diversity and, consequently, stream water quality
(Poole et al. 2006). A particular effect is due to the solute
and contaminant fate and transport; the accumulation of
solutes in stream water sediment depends on (1) the loca-
tion and size of the groundwater upwelling discharge areas
and (2) the deep groundwater travel times in the streambed
sediments. Our results indicated that streambed-induced
fluxes slightly relocate the groundwater upwelling dis-
charge points (Figure 8). This is due to local spatial scales
connected to streambed-induced flows. However, more
importantly, the hyporheic flow fragments the groundwa-
ter upwelling areas and induces shorter groundwater travel
times near the bed surface. An implication of results is the
radionuclide fate and transport where the radionuclide rate
transfer coefficient in a compartment model is inversely
proportional to the groundwater travel time and upwelling
discharge area (Xu et al. 2008; Worman et al. 2019); the
shorter travel time near the bed surface and smaller size
of the coherent upwelling areas result in a higher transfer
rate coefficient (Figure S6, supporting information).

Uncertainties in the Modeling Approach

An overarching uncertainty of the modeling approach
is the relatively complicated model set up with numer-
ous parameters, which collectively are constrained by
observed magnitudes of both groundwater circulation and
hyporheic fluxes in streams. For example, groundwater
infiltration is constrained by observed values (Table 2 and
Figure 3), and the hyporheic exchange values at discharge
points in the stream network (Figure 6) are consistent
with values observed using stream tracer tests (Stonedahl
et al. 2010; Morén et al. 2017) and other measuring
methods in the field (Bhaskar et al. 2012; Gomez-Velez
et al. 2014). Moreover, hydraulic conductivity is a pri-
mary controlling factor for the spatial variability of both
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hyporheic and regional groundwater flows due to its lin-
ear role in Darcy’s law; thus, it causes a correlation in
terms of the intensity of the two flow types. The regional
groundwater flow, however, is controlled by hydraulic
conductivity over larger distances, and generally, the flow
intensity is dominated by lower values of hydraulic con-
ductivity (i.e., those found in bedrock). This is because the
average hydraulic conductivity over a flowpath is given
by the harmonic mean weighted by the distance of the
path. In addition to the hyporheic and regional ground-
water flow velocities, the heterogeneity of a subsurface
and, in particular, how the hydraulic conductivity decays
with depth have primary controls on the distribution of
hyporheic flow paths (Earon et al. 2020) and thus also
strongly influence the depth where the contraction of the
near-bed groundwater flow paths begins.

Conclusion

Hyporheic fluxes generally have a substantial impact
on groundwater discharge in surface waters due to their
much higher intensity than groundwater flows. Major
conclusions of the study are the following:

o Travel times for upwelling groundwater through aquatic
sediments in streams are significantly affected by the
presence of the hyporheic zone. The results show that
the travel times for both groundwater circulating only in
Quaternary deposits and groundwater originating from
deep bedrock decreased more than 50% in the upper 5 m
of aquatic sediments compared to when the hyporheic
fluxes were omitted.

e Close to the groundwater-streambed interface, there is
a strong convergence of the groundwater discharge that
appears as stream tubes forming narrow “pinholes” pen-
etrating through the more spatially extended and intense
hyporheic flow zone. This convergence phenomenon is
related to previously found phenomena called discrete
riparian inflow points (DRIPs) in the scientific literature
and generally occurs for the investigated groundwater
discharge. Groundwater discharge convergence led to
a shift in the distribution of discharge areas toward
smaller areas, an effect referred to herein as “fragmen-
tation” of the groundwater discharge. Due to continuity
reasons, fragmentation causes an increase in groundwa-
ter flow velocities and a spatial acceleration of ground-
water discharge toward the streambed.

e The degree of convergence of the groundwater dis-
charge is governed by the relative intensities of ground-
water circulation and hyporheic flows, the spatial
hydraulic conductivity of the streambed sediments and,
especially, how the hydraulic conductivity decays with
depth.

e Although the groundwater flow travel times from
a depth of 500m below the topographic surface
are substantially different through bedrock, Quater-
nary deposits and aquatic sediments, the strongly
adsorbing nuclide '3Cs shows similar through-travel
times between these units.
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e The convergence of the groundwater flow and reduced
groundwater travel time near the streambeds would lead
to increased transfer rate coefficients using compartment
models (defined by ODE systems) to represent the
transport of solutes in discharge zones. Simultaneously,
such models should also be adopted to the higher spatial
focusing of the upwelling.

¢ In the deep groundwater discharge zones, the hyporheic
flow is primarily controlled by the water surface eleva-
tions of the subcritical flow, that is, by the hydrostatic
head component rather than the dynamic one. The rela-
tive importance of the dynamic head increases with the
Froude number, which may substantially vary spatially
and over time.

e Deep groundwater primarily discharges along the
drainage network constituted by streams, wetlands and
lakes. The strong convergence of groundwater discharge
causes fragmentation in many small areas but is clus-
tered in the lowland and downstream parts of the catch-
ment. This clustering is primarily caused by topographic
control of the regional groundwater circulation, and the
discharge regions are characterized by relatively thicker
Quaternary deposits.
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