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Abstract

Hyporheic exchange flow (HEF) at the streambed—water interface (SWI) has been shown to impact the pattern and rate of
discharging groundwater flow (GWF) and the consequential transport of heat, solutes and contaminants from the subsurface
into streams. However, the control of geographic and hydromorphological catchment characteristics on GWF-HEF inter-
actions is still not fully understood. Here, the spatial variability in flow characteristics in discharge zones was investigated
and averaged over three spatial scales in five geographically different catchments in Sweden. Specifically, the deep GWF
discharge velocity at the SWI was estimated using steady-state numerical models, accounting for the real multiscale topog-
raphy and heterogeneous geology, while an analytical model, based on power spectral analysis of the streambed topography
and statistical assessments of the stream hydraulics, was used to estimate the HEF. The modeling resulted in large variability
in deep GWF and HEF velocities, both within and between catchments, and a regression analysis was performed to explain
this observed variability by using a set of independent variables representing catchment topography and geology as well
as local stream hydromorphology. Moreover, the HEF velocity was approximately two orders of magnitude larger than the
deep GWF velocity in most of the investigated stream reaches, indicating significant potential to accelerate the deep GWF
velocity and reduce the discharge areas. The greatest impact occurred in catchments with low average slope and in reaches
close to the catchment outlet, where the deep GWF discharge velocity was generally low.
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Introduction

Groundwater flow circulation within a catchment occurs
over a wide range of spatial and temporal scales, creating
flow paths that are nested in a hierarchical flow cell struc-
ture (T6th 1963, Winter et al. 1998, Worman et al. 2007).
Groundwater recharges over relatively large areas, while
it generally discharges in low-elevation areas and often in
surface-water features such as streams, wetlands, or lakes
(Marklund et al. 2008; Uchida et al. 2003). Previous stud-
ies have shown that the local flow of surface water through
the sediments of streams and wetlands, commonly referred
to as hyporheic exchange flow (HEF; Boano et al. 2014),
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can converge the groundwater flow (GWF) close to the stre-
ambed-water interface (SWI), reduce the groundwater dis-
charge area, and increase the discharge velocity (Bhaskar
et al. 2012; Boano et al. 2008; Mojarrad et al. 2022). HEF is
driven by hydraulic head gradients at the SWI that are cre-
ated by spatial variability in the streambed topography and
the overlying surface water (e.g., Boano et al. 2014; Pack-
man et al. 2004; Ward et al. 2019). The surface water that
flows into the streambed in zones of high pressure and the
discharging groundwater close to the SWI will interact and
alter the direction and velocity of both upwelling and down-
welling water, which will in turn influence stream biogeo-
chemistry and benthic ecological functions (e.g., Bhaskar
et al. 2012; Boano et al. 2008; Fleckenstein et al. 2010; Win-
ter et al. 1998). The impact of HEF on deep GWF pathways
can therefore be important to consider when evaluating the
transport and fate of specific deep groundwater contaminants
that flow into the biosphere. One critical application is the
long-term safety assessment of nuclear waste repositories
where high-level radioactive waste (HLRW) is isolated
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hundreds of meters deep in the bedrock. When quantify-
ing the possible leakage of such radioactive compounds
in regard to humans and other living organisms, a critical
consideration in the assessment models is the groundwater
flow through the upper parts of Quaternary deposits (QD;
Alexander et al. 2003; Kautsky et al. 2013; Worman et al.
2019). Another common groundwater contaminant is excess
nitrogen in agricultural soils that reaches the stream network
through GWF. In certain agricultural areas, so-called legacy
nitrogen can be transported to streams with relatively deep
and old groundwater after accumulating in the root zone
for several decades (Van Meter et al. 2016; Tesoriero et al.
2013). The fate of groundwater nitrogen can then be sub-
stantially modified after passing through the hyporheic zone
(Hedin et al. 1998; Krause et al. 2013), and the exact hypor-
heic transport times are thus essential to assess upwelling
groundwater quality. Furthermore, the temporal variation in
deep groundwater discharge areas due to interactions with
HEF affects the stability and diversity of ecological habitats
of benthic and aquatic organisms (Krause et al. 2011; Poole
et al. 2006).

A relevant measure of the interactions between ground-
water and surface water is the ratio Wygwg/(W)pgg. Where
Wiawr 18 the average deep groundwater flow (dGWF)
discharge velocity and { W)y is the flow-weighted aver-
age hyporheic exchange velocity (Mojarrad et al. 2019).
If Wygwr/{W)upr<<1, then an increased convergence
of the dGWF close to the SWI is expected, whereas if
Waowr/{W)uer>>1, then the HEF has an insignificant or
only a slight effect on the dGWF discharge pattern. The
impact of the HEF on the dGWF discharge pattern and
transport through QD is likely to have a substantial spatial
variability, since both GWF and HEF are known to depend
on spatially varying geographic and hydromorphological
characteristics of the catchment and stream network (e.g.,
McGlynn et al. 2003; Wondzell et al. 2019). Furthermore,
a general relationship may exist between Wyqwe/{W)nger
and independent geographic and hydromorphological vari-
ables, which would provide valuable guidance in elucidating
the conditions in which HEF is important to consider when
modeling groundwater transport through QD.

To the authors’ knowledge, no studies have yet specifi-
cally investigated the impact of regional catchment charac-
teristics on dGWF discharge velocities and spatial patterns.
However, several studies have found statistical linkages
between catchment characteristics and other aspects of
regional GWF, such as the average groundwater residence
time (e.g., McGlynn et al. 2003; McGuire et al. 2005;
Tetzlaff et al. 2009) and stream discharge (Laudon et al.
2007; Lacombe et al. 2014). Increasing the median sub-
catchment area (i.e., the median drainage area of all points
along the stream network within a catchment) has been
shown to cause, for example, increases in both the average
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groundwater residence time within a catchment (McGlynn
et al. 2003) and the proportion of groundwater contribution
to stream discharge (Laudon et al. 2007). Furthermore, the
average distance to the stream network (DtS), the average
elevation above the stream network (EaS), and the average
gradient to the stream network (GtS = EaS/DtS) have been
shown to control the average groundwater residence time
within catchments (McGuire et al. 2005). Spatial trends
in groundwater discharge into surface-water systems have
also been linked to simple variables such as the average
catchment slope and catchment area. A recent study found
a higher proportion of deep groundwater in streams in large
watersheds with low slopes than in small watersheds with
high slopes (Hare et al. 2021). A wide variability in deep
groundwater contributions has also been observed within
single catchments, suggesting a greater contribution of
deep groundwater in the main river valley than in the steep
headwaters (Marklund et al. 2008). Finally, the catchment
average groundwater residence time is also affected by the
catchment geological characteristics, and it increases with
both soil permeability and soil depth (i.e., thickness of QD;
Tetzlaff et al. 2009).

As is the case with GWF, the residence time, rather
than the velocity, has been the focus of most regression
studies that consider HEF as the dependent variable. The
average residence times of HEF can scale positively with
measures of the local hydromorphologic complexity (e.g.,
stream slope, bed roughness, and sinuosity; Gooseff et al.
2007), as well as with hydraulic aspects of the streamflow
defined by different types of inverse Reynolds numbers
(O’Connor and Harvey 2008; Packman et al. 2004) and
inverse Froude numbers (Sawyer et al. 2011; Worman
et al. 2002). Parameter groups accounting for both geo-
logical and hydraulic factors, such as the Darcy-Weis-
bach friction factor and the stream power, have also been
shown to explain HEF well (Harvey et al. 2003; Zarnet-
ske et al. 2007). Finally, recent studies have shown that
the fractal properties of streambed elevation can explain
a large part of the variability in HEF between stream
reaches that differ in hydromorphological character (Lee
et al. 2020; Marzadri et al. 2014).

The general aim of the present study is to investigate
the degree of spatial variability in GWF-HEF interac-
tions between and within catchments and how these inter-
actions are controlled by specific hydromorphological
and geographic characteristics. One particular aim was to
identify conditions when HEF has a prevalent impact on
the dGWF discharge; therefore, the focus of the study was
to analyze the ratio between the dGWF discharge veloci-
ties and HEF velocities, here defined as an indicator of this
impact. This aim was fulfilled by modeling the regional
GWEF and the local HEF for a wide range of spatial scales
in five Swedish catchments with different topographic and
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hydromorphological characteristics. The average velocity
of dGWF discharge and HEF, as well as the ratio between
them, was subsequently statistically related to independent
estimations of the catchment and local stream characteristics
using regression analysis. An additional aim of the study was
to investigate how the geographic and hydromorphologic
controls might vary depending on the spatial scale at which
the dependent and independent variables were averaged.
Therefore, all analyses were performed at three specific
scales: the stream reach, the intermediate catchment, and
the regional catchment scale.

Methods

The methodology of this study consists of three separate
steps: (1) modeling the GWF and HEF and numerically trac-
ing deep groundwater flow paths discharging at the SWI; (2)
calculating relevant independent variables in terms of catch-
ment characteristics that might control the GWF-HEF inter-
actions; and (3) investigating the correlations between catch-
ment and local stream characteristics and the GWF-HEF
interactions through multivariate power-law regression anal-
ysis. This section describes these steps in detail, following a

description of the study catchments and the geographic and
hydrological data used.

Study catchments and data

Five different catchments from different parts of Sweden
were selected as the study areas (Fig. 1a). The catchments
were chosen to cover a range of various characteristics,
including topographic elevation, depth of the QD, land
use, and stream slope and discharge. Data on discharge,
land cover, and soil types presented in this section are all
available from the Swedish Meteorological and Hydro-
logical Institute (SMHI; Strombéck et al. 2013), and soil
depths were extracted from the soil depth model provided
by the Geological Survey of Sweden (Daniels and Thun-
holm 2014). All topographic data originate from a digital
elevation model (DEM) with a resolution of 2 m X 2 m
(GSD-Elevation data, grid 2+, ©Swedish Mapping, Cadas-
tral, and Land Registration Authority). The data for the five
catchments are found in Table 1, which summarizes a more
thorough description found in Text S1 in the electronic sup-
plementary material (ESM).

The stream networks of the five catchments were gen-
erated from the DEM files by calculating the accumulated
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Fig.1 a The regional catchment locations in Sweden, and b Séva
Brook regional catchment with stream network, subcatchments of
each stream link, and intermediate subcatchments. The red lines rep-
resent the part of the stream network where topographic surveying

was performed to calculate the topographic power spectral density
used to validate the magnitude and slope of the DEM power spec-
tral density. Detailed maps of all other catchments can be found in the
Figs. S2-S5 in the ESM
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Table 1 Summary of the characteristics of the five investigated catchments

Characteristic Bodals Brook (BB) Séva Brook (SB) Tullstorps Brook (TB) Forsmark Brook (FB) Krycklan (KB)
Coordinates 59° 62' N, 18°60' E 59°50'N, 17°20'E 55°28'N, 13° 13'E 60°22'N, 18°04'E 64° 14'N, 19°46’'E
Land use Forest (73%), agricul-  Forest (63%), agricul-  Agriculture (82%) Forest (78%), agricul-  Forest (94%)
ture (12%) ture (26%) ture (13%)
Area (km?) 96 194 84 82 68
Elevation range 0-79 9-107 0-03 2-52 127-373
(m asl)
Stream-reach average 1.2 0.89 0.87 0.5 3
slope (%)
Stream network length 74 170 67 67 101
(km)
Mean annual stream 0.63 1.54 0.73 0.65 0.99
outlet discharge,
O, ou (M/5)
Lake percentage (%)* 3.4 <1 35 2.5 <1
Depth of Quaternary 2 4s 44 2 15

deposits (m)
Main soil types Moraine (35%), bed-
rock outcrop (28%),
fine soils (8%), dif-
ferent types of clay

(10%)

Moraine (39%), bed
outcrops (11%), fine

types of clay (26%)

soils (11%), different

Clay (50%), sandy
soils (30%), moraine
9%)

Moraine (50%), bed
outcrops (18%),
peat (15%), different
types of clay (11%)

Moraine (51%), peat
(11%), coarse soils
(13%)

*Lake percentage is defined here as the total area of lakes and streams within the catchment relative to the total catchment area, thus not includ-

ing wetlands

upstream area for all pixels and setting a flow accumulation
threshold above which pixels were defined as streams. Com-
parable results for the five catchments were generated by
relating the flow accumulation threshold area to the stream
discharge so that only streams with an annual mean low dis-
charge, O\ (m>/s), higher than 0.5 L/s were included in the
analysis. The average annual mean low discharge and annual
mean discharge, Oy, (m%/s), of each reach were calculated as
the arithmetic mean of the distributed discharge within each
reach. The distribution of the discharge was determined by
scaling the annual mean or mean low discharge at the catch-
ment outlet—Qyy oy (m?/s) and OML. out (m?/s), respectively,
obtained from the Hydrological Predictions for the Envi-
ronment (HYPE) model; Lindstrom et al. (2010)—with the
normalized flow accumulation area according to Text S2 in
the ESM.

The effect of different spatial scales on GWF-HEF inter-
actions was examined by conducting the investigations at
three distinct spatial scales: the reach scale, the intermedi-
ate scale, and the regional catchment scale. Reaches were
defined as stream segments in the network that did not
have any tributaries. Four reaches with stream lengths <50
m were removed (for practical modeling purposes), leav-
ing reaches with lengths varying between 61 and 9,318 m,
with an average of 1,230 m in all five catchments. The local
catchment areas of those reaches varied between 0.0051
and 7.714 km?, with an average of 1.317 km?. Clustering
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adjacent subcatchments, guided by the stream network, was
performed to create intermediate catchments, which had
areas ranging between 6.68 and 37.75 km?, with an average
of 19.03 km?. Finally, the regional scale simply consisted
of the five regional catchments, which had areas ranging
between 68 and 193 km?. The final stream network, reach
catchments, and intermediate subcatchments in the Sdva
Brook regional catchment are presented in Fig. 1b, and maps
of the four remaining catchments are found in Figs. S2-S5
in the ESM.

Hydrological modeling

The modeling framework of this study included a steady-
state multiscale approach to cover a wide range of spatial
scales that influence groundwater/surface-water interactions.
The governing field equation for three-dimensional (3D)
incompressible flow within porous media at steady state can
be represented by:

0 o0H 0 oH 0 o0H
2 —K—)+— K2+ 2 (-k,27) =0
6x< X ox dy< y6y> 6z< Zaz> M

where H (m) denotes the hydraulic head, K (m/s) is the
hydraulic conductivity, and x (m), y (m), and z (m) are the
spatial directions, in which x and y lie on the horizontal
plane, while z is aligned with the vertical direction (positive
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upward). Darcy’s law can be used to evaluate the subsurface
flow in saturated porous media and is described with iso-
tropic and homogeneous hydraulic conductivity as:

oH oH oH
q=-K (x,y,2) + (x.y.2) + (x.y.2)
ox dy 0z

(@)

where q (m/s) is the Darcy velocity vector and K is the ten-
sor of hydraulic conductivity.

Regional groundwater flow modeling

The GWF models were developed for the five different
catchments in COMSOL Multiphysics®. The models con-
sist of two different layers representing QD and bedrock.
Isotropic and heterogeneous hydraulic conductivities were
considered for the QD layer, according to the existing soil
type map and previously estimated hydraulic conductivity
values (Table S1 in the ESM). It was assumed that hydraulic
conductivity decays exponentially with depth, according to
Saar and Manga (2004), and that the decay function is dif-
ferent for the QD and bedrock. Hence, the hydraulic conduc-
tivity of the different layers in this study was described as:

(oun) 3)

Ki(z) = Ki,lop e
where z; ,,, (m) is the topographic elevation at the top of the
layer, 6 (m) is the earth skin depth, and index i represents
different individual layers (i.e., bedrock or QD). Saar and
Manga (2004) suggested that 6 for QD and bedrock layers
is in the range of 200-300 m. In this study, 6 = 250 m was
considered for both QD and bedrock layers. In addition, the
porosity of the QD was assumed to be 0.2, reflecting the
porosity of tills (Kilfeather and van der Meer, 2008), which
are the most common soil types in Sweden. Furthermore, the
bedrock porosity was assumed to be 0.001, which is meant
to reflect the porosity of granite, estimated by others to vary
between approximately 0.03 and 0.1% (Abelin et al. 1991,
Ofterdinger et al. 2014).

The catchment modeling was conducted using a nonuni-
form numerical mesh size varying in a range of 2-17 and
17-403 m for the QD and bedrock layers, respectively. In
general, the water table is controlled by either topographic
fluctuations or recharge intensity, depending on the ratio of
climatic conditions to geological and topographic conditions
(Haitjema and Mitchell-Bruker 2005; Bresciani et al. 2016a,
b). Therefore, in this study, the top boundary condition of
the regional groundwater flow numerical model was set as
the landscape topography, H(x,y,z = 0) = Zz(x,y), for areas
of groundwater discharge but smoothed for areas of ground-
water recharge. The smoothing of the water table was per-
formed in line with Mojarrad et al. (2022), where an iterative
approach to reduce the DEM resolution was conducted to

satisfy the annual mean infiltration rates of the catchments
estimated by the SMHI. The total depth of the model (D)
including both QD and bedrock thicknesses, varied spatially
within different catchments, but D = 850 m was set at the
locations with the lowest elevation in each catchment. A
no-flow boundary was assumed at the horizontal flat surface
at the bottom of the model (‘;—Ij , = 0), but the impor-

tance of this condition for groundwater discharge is overruled
by the depth-decaying hydraulic conductivity. A constant
head boundary was also applied to the lateral surfaces of the
domain, according to H(x,y,2)|,—o1 ana y=orL, = Zp(X, ),
where L, and L, denote the length of the catchment in the x
and y directions, respectively.

Particle tracing was conducted for all catchments by
releasing 10,000 inert particles from a flat horizontal surface
located at 500 m depth from the lowest topographic eleva-
tion (100 x 100 uniformly spatially distributed particles in
each direction). The aim of particle tracing was to evaluate
the deep groundwater flow paths, as well as the main dis-
charge zones and the vertical velocity of the particles once
they reached the topographic bed surface. This velocity is
denoted W gwr(p) (/s), where p is the index of the particle.
Particle tracing was performed for 320 million years to allow
all particles to leave the domain.

Hyporheic exchange flow modeling

The HEF was modeled separately from the larger-scale
regional groundwater flow for two reasons. First, the HEF
acts at much smaller spatial and temporal scales than
what could be accounted for in the catchment numerical
model. Second, the main part of the HEF is driven by local
hydraulic head fluctuations at the streambed controlled by
the hydraulic and hydromorphologic characteristics of the
stream, which are not reflected by the top boundary of the
regional groundwater model. Thus, solving the governing
equation for the HEF first required estimating the hydraulic
head variations along each stream reach.

Here, to capture the range of scales involved in HEF,
the spectral approach presented in Morén et al. (2021) was
applied to each stream segment, specifying the hydraulic
head at the SWI and the HEF velocity across the streambed
as power spectral densities (PSDs), distributed over differ-
ent wavelengths 4 (m). The flow-weighted average exchange
velocity, (W) (m/s), was then calculated for each reach by
integrating over the HEF velocity PSD (Sw,ye (A) between
the smallest and largest wavelengths of the spectrum, 1
(m) and 4_,,, (m), according to:

min

max

o Sy (D)
(Wygr) = //1 Td A 4

‘min
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In line with Morén et al. (2021), SWHEF(A) was calculated
from the hydraulic head PSD, §;,(4), as:

5

2
SWHEF(A) = (ZT[KhZ, lOp) 0{(/1) )’2

&)
where Ky, o, is the hydraulic conductivity at the SWI, and a(4)
(-) is a geological damping factor accounting for a decrease in
HEEF velocity with depth into the streambed according to:

) S\ 2
= e(— () 1)— ©)

Equation (6) results from an exponential decay
in hydraulic conductivity with depth according to
K, (2) =K, ope ", where the constant ¢ (m™') was esti-
mated for each reach by fitting the exponential equation
to two points of hydraulic conductivity within the stre-
ambed. At the surface (z = 0 m), the hydraulic conductiv-
ity was assumed to be K, , = 10 m/s in all reaches,
as this is approximately what has been measured previ-
ously, on average, in streambeds (Riml et al. 2013; Morén
et al. 2021; Stewardson et al. 2016; Ward et al. 2019).
At a depth of 1 m, the hydraulic conductivity was set to
that of the underlying soil (from the soil map), namely,
K, (z=-1m)=Kgp ,p (Table S1 in the ESM).

The estimated hydraulic head PSD, §,(4), accounted
for both static head fluctuations resulting from variations
in the water-surface profile (WSP) and dynamic head
fluctuations resulting from drag forces created when the
streaming water interacts with the rough streambed. Both
types of hydraulic head fluctuations were in this study esti-
mated from the DEM, and the total hydraulic head PSD
was defined as the sum of the static and dynamic head
PSDs according to S,(4) = Shs(/l) + Shd(/l). Elevation data
were first extracted along the thalweg of each reach, and
the PSDs of the data, Spgy(4) (m3), were then calcu-
lated using the Welch method (Welch 1967) and specifi-
cally the MATLAB function pwelch. Then, a comparison
with PSDs calculated from streambed topography and
water elevation profiles measured in nine reaches within
the investigated catchments (Text S4 and Fig. S1 in the
ESM) confirmed that the elevation data extracted along
the stream network captured the general characteristics of
the WSP, rather than the streambed elevation. Mathemati-
cally, the static hydraulic head PSD was thus defined as
Shs(4) = Swsp(4) = Sppy(4) and the streambed topographic
PSD was subsequently calculated as Szb(/l) = Swsp(1)/C,.
The transformation factor (C,) was defined as a constant
and related to the mean difference in the variations of the
stream bottom and WSP elevation, in the nine investigated
streams (see Text S4 and Fig. S1 in the ESM). Finally,
the dynamic hydraulic head PSD, Shd(ﬂ), was calculated as
Sy, (4) = CyS,,, where the transformation coefficient Cy was
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estimated using a semiempirical equation transforming the
topography to dynamic head. The equation can be found in
the ESI (Text S4 and Equation S7 in the ESM) and includes
the gravitational acceleration g (m/s?), the average stream
velocity U (m/s), the average stream depth d (m), and the
standard deviation in the bottom elevation azh(m)(Elliott
and Brooks 1997a, b). The standard deviation in the bot-
tom elevation, 0,,, Was calculated from the 2 m X 2 m DEM
extracted along the stream reach, and a regression model
was used to estimate the average stream depth and stream
velocity from flow discharge (estimated as described in sec-
tion ‘Study catchments and data’) and geographic location
of the catchment (Round et al. 1998).

Using this approach to calculate the HEF velocity also
provides a way to account for head variations across small
spatial scales not included in the DEM (Morén et al. 2021).
The resolution of the DEM was 2 m X 2 m, which results
in a minimum wavelength of the spectrum 4, =2Ax* = 4
m, according to the Nyquist—-Shannon sampling theorem,
where Ax™ is the distance between measurements along the
stream segment. However, since the streambed topogra-
phy was observed to be fractal at wavelengths smaller than
approximately 20 m in the majority of the PSDs of the DEM,
a power law function was fitted to that part of each PSD
(4 m<1<20 m) according to:

Swsp(A < 4) = aygpA™sr )

where ayp and bygp are constants unequally estimated
for each reach. Equation (7) was subsequently used to cal-
culate the variations in the WSP not captured by the DEM
(scales 0.01-4 m).

Independent catchment and reach characteristics

A large number of catchment and reach characteristics were
derived from the independent data of the five watersheds to
be tested as explanatory variables for the GWF-HEF interac-
tions. The characteristics can be divided into three specific
groups that reflect the catchment topography, the catchment
geology, and the stream hydromorphology. Catchment
topography and geology were mainly assumed to control
the large-scale groundwater flow, while the stream hydro-
morphological variables were believed to control mainly
the hyporheic flow. The definition of these variables, how
they were derived from available data, and why they are rel-
evant to consider as controls on the GWF-HEF interactions
are described in detail in Text S5 in the ESM, and summa-
rized in Table 2. Independent and dependent variables were
averaged at the three spatial scales, as described in section
‘Averaging dependent and independent variables over three
different scales’.



Hydrogeology Journal (2023) 31:537-555

543

Averaging dependent and independent variables
over three different scales

The independent variables (Table 2) were averaged slightly
differently depending on the variable of interest as well as
the spatial scale over which it was evaluated (reach, inter-
mediate or regional catchment scale). Stream hydromorpho-
logical variables were derived directly as an average at the
reach scale (Text S5 in the ESM) and noted with the reach
index r. Area distributed variables (i.e., variables that were
derived for each 2 m X 2 m pixel) were averaged as the
arithmetic mean of all pixels within the area. If the area cor-
responded to the catchment of the stream reach, the variables

were indexed r, while they were indexed IC or RC if the
averaging area was the intermediate or regional catchment,
respectively.

For the dGWF discharge velocity, the average for each sub-
catchment was taken as the arithmetic mean of the discharging
velocity of all particles at the SWI in that subcatchment and
denoted Wygwr,»Wacwric» and Wygwrge- The velocity ratio
at the reach scale was then derived according to:

Ow, = Wacwr,/Wugr), (8)

Finally, the velocity ratio, stream hydromorphological
variables, and flow-weighted average hyporheic exchange

Table 2 Calculated independent variables, origin of the data, and calculation methods

Type of variable Independent variable, notation (unit) Data origin and calculation method
Catchment topography Catchment area, A (m?) Area of catchment or subcatchment
Mean catchment elevation E (m) Arithmetic mean of all DEM elevation pixels
Average of local slope S (°) Average of the slope across each DEM elevation pixel
Standard deviation in elevation oy, (-) Standard deviation of all DEM elevation pixels
Elevation above stream, EaS (m) The vertical distance between each cell in the catchment and the
closest cell within the stream network
Gradient to stream, GtS (-) The ratio EaS/DtS, where DtS is the horizontal distance between
each cell in the catchment and the closest cell within the stream
network
Median subcatchment area, MSC (mz) The median of the local catchment area of each stream pixel
upstream of the catchment or subcatchment outlet
Catchment geology Average hydraulic conductivity, K (m/s) Average hydraulic conductivity of each pixel in each catchment or

Average QD depth Dgp, (m)

Stream-reach hydromorphology Stream length L (m)

Discharge Qy (m%/s)

Stream velocity, U m3/s
Stream depth, d (m)
Stream width, w (m)

Stream cross-sectional area A, (m?)

Stream slope S, (-)

Normalized standard deviation in stre-

ambed elevation o, /L (-)
Slope of small-scale WSP PSD, bysp

Level of small-scale WSP PSD, aygp

Reynolds number, Re (-)

Froude’s number, Fr (-)
Darcy-Weisbach friction factor, f (-)
Stream power, 2 (Nm/s)

subcatchment. Values for each pixel were derived from soil type
maps (©Swedish Geological Survey) and Table S1 in the ESM

The average of the 10 m X10 m resolution national soil depth model
(©Swedish Geological Survey), within the catchment or subcatch-
ment

Length along thalweg

Discharge derived as described in Section ‘Study catchments and
data’

Estimated from stream discharge according to Text S3 in the ESM
Estimated from stream discharge according to Text S3 in the ESM
Estimated from stream discharge according to Text S3 in the ESM

Calculated by assuming a rectangular cross-sectional area according
to Ay, =dw

Total DEM elevation drop divided by length along stream thalweg (-)

Standard deviation in DEM elevation along the stream thalweg
divided by the length of the thalweg (-)

Estimated from fitting a power law equation to the water-surface
profile PSD over wavelength <20 m (Eq. 7)

Estimated from fitting a power law equation to the water-surface
profile PSD over wavelength <20 m (Eq. 7)

Calculated from the average stream depth according to Re = U—Vd

Calculated according to:Fr = \/—de

Calculated according to: f = %

Calculated according to 2=pgS,,Om
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velocity (Eq. 4) at the intermediate or regional catchment
scale were averaged by taking a length-weighted average,
defined as:

_ RLE
Cscale =<k (9)
oL

where R is the number of reaches in the intermediate
catchment (scale=1C) or regional catchment (scale=RC),
L, is the length of reach r, and {, is the variable of interest,
calculated or averaged at the reach scale.

Statistical analysis

Regression analysis was used to investigate if and to what
degree the independent variables control the dependent vari-
ables, i.e., the average dGWF discharge velocity, the average
HEEF velocity, and the ratio between them. Since the data
were observed to be approximately log-normally distributed
(Fig. S8 in the ESM), independent of the scale of averag-
ing, regression analysis was performed on the logarithm of
the dataset (see the equation for the regression model, Text
S6 in the ESM). To study the groundwater/surface water
interactions specifically in deep groundwater discharge
zones, reach-scale subcatchments with no upwelling of deep
groundwater were removed from the analysis. This resulted
in a decrease in the number of reaches in all catchments from
393 to 293 and the number of subcatchments from 29 to 25,
while the number of regional catchments was unchanged.
In addition, 23 independent geographic and hydrogeologi-
cal characteristics were initially calculated, as described in
section ‘Independent catchment and reach characteristics’.
Regression analysis should preferably be applied to inde-
pendent (noncorrelated) variables. Principal component
analysis (PCA) was therefore performed at the three spatial
scales to obtain an initial understanding of the intercorre-
lation between the supposed independent variables and to
limit the number of variables to include in further analysis.
PCA was conducted on the standardized datasets and was
depicted as a distance biplot (Fig. S6 in the ESM). From
the distance biplot, 13 different independent variables were
selected based on their relatively low intercorrelation (A, S,
GtS, MSC, K, Dqp, U, Fr,Re, £, f, awsp, and bygp), sub-
jectively indicated by a relatively large angle between them.
Last, the variance inflation factor (VIF) was calculated. A
VIF above 10 indicates a high correlation with one or sev-
eral of the other variables (Montgomery et al. 2012), and
thus the variables with VIF above 10 were removed one
at a time, starting with the in-stream velocity (U) then the
stream power (£2) and finally the Reynolds number (Re).
This resulted in 10 independent variables that were further
tested in the regression analysis. The same variable set was
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used at all three scales to allow comparison of the results,
although the PCA and VIF at the larger scales did indicate
some multivariability (Table S3 and Fig. S7 in the ESM).

The regression analysis was performed both through sin-
gle-variate regression analysis (i.e., n=1 in Equation S9 in
the ESM) and through pairwise and multivariate regression
analysis (i.e., n>1 in Equation S9 in the ESM). Single-var-
iate regression analysis was performed to provide informa-
tion on linearity between each of the independent variables
and the three dependent variables, as linearity should exist for
the inclusion of the independent variables in the multivari-
ate regression analysis. Multivariate regression analysis was
subsequently performed using all 10 independent variables to
begin with. The number of variables was then reduced through
backward elimination, where the least statistically signifi-
cant variable (i.e., the variable with the highest p-value) was
removed after each regression analysis. Models in which all
variables had p-values lower than 0.05 were considered statisti-
cally significant. The performance of the statistically signifi-
cant models was quantified by deriving three different scor-
ings: the regular coefficient of determination (R?) the adjusted
coefficient of determination (R? Adj) and the predictive coeffi-
cient of determination, R%, (see equations in Text S6 in the
ESM). The model with the highest adjusted and predictive R*
value, in which all included variables contributed significantly
to the model’s explanation and prediction power, was defined
as the best model for each of the three dependent variables
averaged over the three different scales. A significant contribu-
tion was specified here as a decrease in both the adjusted and
predictive R? values of more than 2% upon the removal of any
of the variables from the model. Since relatively few models
with more than two independent variables showed statistical
significance at the intermediate catchment scale, all possible
combinations of two variables were also tested as possible
explanations for the three dependent variables. This evaluation
was referred to here as pairwise regression analysis.

Results

Variability in the GWF-HEF interactions
within and between catchments

The modeling of the regional GWF shows the significance
of DEM resolution on GWF velocity at the water table.
In particular, the results demonstrated that decreasing
the DEM resolution (larger mesh size) of the water table
used as the head boundary condition in recharge areas
substantially decreased the mean absolute value of the
vertical velocity at the water table, |Wgwg| . The required
mesh size satisfying the infiltration constraint varied
between 74 and 94 m among the considered catchments
in this study.
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The location of the dGWF discharge points was evaluated
using a particle-tracing method (section ‘Regional ground-
water flow modeling’). The results of this analysis indicated
that the majority of dGWF reached the topographic surface
in locally low-elevation areas, such as lakes and streams
(Fig. S9 in the ESM), and that 41-63% of all those parti-
cles (depending on the catchment) did so within the catch-
ment boundaries (Table S4 in the ESM). Depending on the
catchment, 75% to approximately 100% of the particles that
discharged within the catchments did so at or close to the
stream network (not including lakes), thereby highlighting
the possibility of mutual interference between the GWF and
HEF and motivating an investigation of their velocity ratio.

Examination of the velocities of the upwelling par-
ticles, as well as the average HEF velocities, revealed a
large variation both within and between the five investi-
gated regional catchments. The cumulative distribution
of the reach average dGWF discharge velocities, W gwr,
covered seven orders of magnitude, ranging between 10~
and 10> m/s in the majority of the reaches (Fig. 2a). The
highest velocities were generally found in the catchments
of Krycklan and Bodals Brook, in which Wgyg, values
were higher than 10”7 m/s in more than 60 and 45% of all
reaches, respectively. Lower velocities were found in the
catchments of Tullstorps Brook and Sidva Brook, in which
W,gwr, values were higher than 1077 m/s in approximately
20 and 10% of all reaches, respectively. Finally, the lowest
velocities were estimated in the catchment of Forsmark,
where all reaches had WGy, values lower than 1077 m/s.
Note, however, that the distribution was very wide in the
catchment of Tullstorps Brook, and in some reaches, the
discharging velocities exceeded the values in Krycklan
Catchment and Bodals Brook. This difference in distribu-
tion width was also reflected in the average values. Because
of the approximate log-normal distribution, the average
dGWF discharge velocity at the regional catchment scale
was higher than the median of the distribution and ranged
between 2.39 x 10~® m/s in the catchment of Forsmark and
1.5 % 107 m/s in the catchment of Tullstorps Brook. Com-
pared to the dGWF discharge velocity, the reach-averaged
HEF velocities were generally much higher and ranged
between approximately 10~ and 107> m/s in all catchments
(Fig. 2b). The hyporheic exchange velocities clearly varied
between catchments and increased from lowest to highest
in the following order: Forsmark, Sidva, Bodals, Tullstorps,
and Krycklan. The regional averages of the HEF veloci-
ties, (Wygr)re- (average calculated using Eq. 9) ranged
between 9.27 X 10~'m/s in Forsmark and 2.51 x 107 m/s
in Tullstorps Brook.

The general magnitude difference between the
velocities of the two investigated types of flows led to
velocity ratios (i.e., oy, = Wygwr,/{Wygr),) that were
far below 1 in most reaches (Fig. 2¢), indicating that

convergence of the upwelling deep groundwater due
to HEF is strong in most reaches of the investigated
catchments. A relatively wide distribution of ratios
was also evident within the five catchments, rang-
ing between approximately 10~ and 10, except in the
Forsmark catchment, where the range was narrower and
most ratios were between 107> and 107!, The length-
weighted average (Eq. 9) of the velocity ratio over the
full regional catchment ranged from 0.2 in Forsmark to
0.76 in Bodals Brook.

Regression analytical results

Both single and multivariate regression analyses were per-
formed to study the factors controlling the observed vari-
ation in HEF-GWF interactions that were quantified in
terms of three variables—i.e., the average dGWF discharge
velocity, the average HEF velocity, and their ratio. Further-
more, the analyses were performed at three different scales:
the reach scale, intermediate catchment scale, and regional
catchment scale. At the regional scale, the limited number
of five samples (regional catchments) prevented multivariate
regression analysis; thus, only the results from the single-
variate-regression analysis are presented here. Note that the
regression analysis was performed on dimensional variables,
and therefore, the estimated regression coefficients have
units, which can be derived from the units of the included
variables (see Table 2).

Regression models for the deep groundwater discharge
velocity

The single-variate regression analysis resulted in five sig-
nificant relationships (p <0.05) between the reach-scale
average dGWF discharge velocity, Wgwg,, and different
independent variables (Fig. S10 in the ESM). However,
only the correlation between W gwg, and K,, which had
an R? value of 0.40, explained more than 10% of the vari-
ability in Wygwg,. When independent and dependent vari-
ables were averaged at the intermediate catchment scale
(Fig. S11 in the ESM), W ygw;c Was still correlated with
K¢, and the correlation had an R? value of 0.48, which
was higher than at the reach scale. In addition, Wygwgc
was also significantly correlated with GtS;., and this cor-
relation also had an R? value of 0.33. Finally, ]_‘IC was sig-
nificantly correlated with Wygwgc, but had an explanatory
power of only 14%.

As expected, the regular R? value increased when more
variables were included in the multivariate regression
analysis. The best model at the reach scale had a Wgwg,
that was positively related to the topographic indices S,
and to the hydraulic conductivity of the local catchment
K, (Fig. 3a). The small difference between the regular R>
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Fig.2 Cumulative distribution

function of a reach average
dGWEF discharge velocity, b
reach average HEF velocity, and
c the ratio between the reach
average dGWF discharge veloc-
ity and the reach average HEF
velocity in the five different
catchments: Bodals Brook (BB),
Séava Brook (SB), Tullstorps
Brook (TB), Forsmark Brook
(FB) or Krycklan (K)

CDF
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w (m/s)

dGWF,r
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value (0.45), the adjusted R? value (0.45) and the predic-
tive R? value (0.44) confirms that the model was stable.
However, the relatively low magnitudes of all scoring
parameters revealed that, in general, the independent
geographic and hydromorphological variables failed to
explain most of the observed variability in the dGWF
discharge velocity at the reach scale. At the intermediate
scale, the pairwise regression analysis revealed two differ-
ent significant models, which both included a close to lin-
ear and positive correlation between K- and Wygwg . The
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best significant model also included GtS,- and predicted
approximately half of the variability in Wygwg e (Fig. 3b).
The regular R%, adjusted R%, and predictive R? values were
0.67, 0.61, and 0.51, respectively, which was higher than
the best reach scale model; however, the relatively large
differences between scoring parameters indicate that the
model is more uncertain than the reach scale model.

At the regional catchment scale, the single variate regres-
sion analysis resulted in no significant correlations between
Wicwrre and the independent variables with a 95% level of
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Fig.3 Best regression models for the dGWF discharge velocity,
where dependent and independent variables were averaged at a the
reach scale, b the intermediate catchment scale and c¢ the regional
catchment scale. The gray line indicates the 1:1 relationship and the

confidence (Fig. S12 in the ESM). However, the best cor-
relation in terms of both significance and R? values was that
between GtSyc and Wygwrgpe (Fig. 3¢).

Regression models for the hyporheic exchange velocity

The single-variate regression analysis showed that seven of
the ten tested variables were significantly related to {Wygg),
(p < 0.05) (Fig. S13 in the ESM); however, most correla-
tions had explanatory power lower than 10%. Exceptions
were the level and slope of the water-surface elevation
PSD (awsp, - and bygp ,) which explained 60 and 67% of
the observed variability in {Wygg),» respectively. Another
important variable was the Darcy-Weisbach friction factor
(f,) which explained 13% of the variability. When averaged
at the intermediate scale, the same three variables (aysp ic»
ZWSP’IC and j_”lc) were significantly correlated to { Wygp)ic»
and R? values were 0.63, 0.48 and 0.49. (Fig. S14 in the
ESM). In addition, the gradient to stream (GtS;c) and the
depth of the Quaternary deposit (D, 1) were significantly
correlated with { Wyeg)c and had R* values of 0.48 and 0.44,
respectively.

The multivariable regression models for {Wygg), had
higher scoring values than the single-variate regression

(m/s) (m/s)

different colored markers indicate if the data originated from Bodals
Brook (BB), Sdva Brook (SB), Tullstorps Brook (TB), Forsmark
Brook (FB) or Krycklan (K)

model, as expected. The model with the highest scoring
values showed a positive correlation between { Wygy), and
variables aygp ,» K, and A,, and a negative correlation
between (W), and bysp, - However, the catchment area
did not significantly contribute to the explanatory power
and was not included in the best model, which is plotted
in Fig. 4a and shows that the PSD of the water-surface-ele-
vation profile along the reach (awsp , and bysgp, ), together
with the hydraulic conductivity, provided the major control
of (Wygr),- At the intermediate scale, several models with
two predictors were found that explained the variability in
(Wygr) e relatively well, although models with higher scor-
ing values were found that explained the inter-reach variabil-
ity. The model with the highest explanatory and predictive
powers showed an increase in { Wygp ), With increasing a;c
and decreasing S;.. However, since there was low correlation
between (Wygr) - and Sic in the single variate regression
analysis (Fig. S14 in the ESM), this model was considered
uncertain, and therefore, the model with the second high-
est R? values was selected as the best model. The chosen
model showed an increase in {Wygg),- With increasing a;c
and increasing J_‘IC, as illustrated in Fig. 4b.

At the regional catchment scale, only J_CRC was statistically
correlated with the dependent variable, (Wygg)gc, at the
95% confidence level, and it explained 96% of the variability
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in mkc (Fig. 4c); however, Dqpy e, GtSgc and ZRC were
also statistically correlated with (Wygg)gc at the regional
catchment scale if the confidence level was decreased to 90%
(Fig. S15 in the ESM).

Regression models for the velocity ratio

The single-variate regression analysis of the correlation
between the velocity ratio (éy, = Wygwr,/{Wggr),) and
each independent variable showed that six of the ten tested
variables were significantly correlated with the velocity ratio
at the reach scale (Fig. S16 in the ESM). The variables K,
awsp, » and bygp , explained 21, 22 and 20% of the vari-
ability in dyy ,, respectively, while the rest of the significant
correlations had R? values < 5%. At the intermediate catch-
ment scale, only K, and GtS, were significantly correlated to
the ratio between the dGWF discharge velocity and the HEF
velocity (gm) and the correlations had R? values of 0.20
and 0.17, respectively (Fig. S17 in the ESM).

The best multivariate regression model for 6y , included
four independent variables and a positive correlation to S,
K, and byp , and a negative correlation to aysp . (Fig. 5a).
Additionally, it had an adjusted R? value of 0.53 and a pre-
dictive R? value of 0.51. The multivariate regression analysis
at the intermediate scale resulted in two significant models,
where the one with the highest explanation power and low-
est p-values displayed an increase with Kj- and GtS,- and

had an adjusted R? value of 0.31 and a predictive R? value
of only 0.03 (Fig. 5b).

Single-variate regression analysis with the velocity ratio
averaged at the regional catchment scale (8y ) resulted in
no statistically significant correlations at the 95% or 90%
confidence level (Fig. S18 in the ESM).

Discussion

Variations in deep groundwater upwelling velocities
between and within catchments and implications
for the spread of deep groundwater contaminants

In agreement with previous studies (Marklund et al. 2008;
Uchida et al. 2003), the particle tracing performed in this
study showed that deep groundwater discharge zones coin-
cided well with the river network and lakes in all study
areas in the upstream and downstream parts of the catch-
ments. Furthermore, dGWF velocities at the SWI, aver-
aged at the reach scale, varied greatly both within and
between catchments (section ‘Variability in the GWF-HEF
interactions within and between catchments’), and the
variability might be even larger than that estimated due to
the possible existence of intact bedrock and fracture net-
works in the subsurface that were not accounted for here.
Fractures within the bedrock can result in preferential flow
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Fig.4 Best regression models for the average HEF velocity, where dependent and independent variables were averaged at a the reach scale, b
the intermediate catchment scale and ¢ the regional catchment scale
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paths, where velocities are faster than in other parts of the
catchment (Selroos et al. 2002; Welch et al. 2012). The
observed large variation in upwelling groundwater veloc-
ity agrees with a recent study by Hare et al. (2021), who
identified both regional trends and great spatial heteroge-
neity in the magnitude of deep groundwater discharging
into streams.

Relatively small velocity ratios (6w, = Wygwr,/{Wrgr),)
were found in most stream reaches, indicating that the HEF
can have a large impact on the discharge of the dGWF by
converging the flow close to the SWI and thereby accelerat-
ing the discharge velocity and reducing the discharge area.
This is relevant when considering the spread of radionu-
clides in the biosphere. If the local-scale HEF velocity field
is not accounted for in hydrological models used to param-
eterize dose assessment compartment models for HLRW
safety assessment, then the transport rates defined for the
area close to the stream might be underestimated. Since the
velocity is generally lower for groundwater discharge than
for surface water, the exact values of the transport rates
through the area closest to the stream will affect the total
residence time of the radionuclides in the biosphere as a
whole, which is especially the case in areas with shallow
QD, reflecting the environmental conditions in landscapes
that were covered by inland ice in the past. Accounting for
HEF in groundwater transport models is also essential when
estimating the discharge of nitrogen from deep ground-
water to the stream, which can be significantly modified
when traveling through the hyporheic zone (Hedin et al.
1998; Krause et al. 2011). Furthermore, the finding that the
HEEF is large enough in most stream reaches to potentially
modify the groundwater discharge patterns is of relevance
for stream ecology. Since the HEF is controlled partly by
stream hydraulics, which is discussed in the following sec-
tions, the position and area of discharging deep groundwater
will probably change over relatively short timescales and

can affect the temporal stability of the habitat patch struc-
ture in the streambed, which depends on the biogeochemical
and thermal conditions within the hyporheic zone (Poole
et al. 2006).

The large difference between the HEF and dGWF
velocity is not a surprising result, given the very low
hydraulic conductivities along some of the deep ground-
water flow paths compared to the hydraulic conductiv-
ity of the streambed, which was assumed to be 10 m/s
everywhere. Nevertheless, in order to know the exact
velocities, the full geometry of the groundwater flow
needs to be understood, and for that, a model of some
type is essential. It should also be noted that the presented
dGWEF discharge velocities result from particles released
at a 500-m depth, which could only be found from parti-
cle tracing through the calculated flow field. Shallower
groundwater flow will probably have higher discharge
velocities, since the hydraulic conductivity of shallower
layers are lower, and will thus be relatively less impacted
by the HEF. This difference between shallow and deep
groundwater, as well as the wide range of deep upwelling
velocities within a single catchment (Fig. 2a), highlights
that transport rates derived from average velocities over
a larger area are most likely uncertain. Note that this
study also uses average values and merely points out the
variability in discharge rates that can be expected in most
catchments, leading to the need to present a distribution
of transport rates and to carefully consider the area of
averaging in studies where the aim is to estimate specific
transport rates and times.

Hydromorphological and geographic controls
on dGWF-HEF interactions

In addition to modeling HEF and dGWF within and between
five catchments, this study investigated which independent
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stream characteristics control the variance in these two flows
using regression analysis. The results imply that both the
dGWEF velocity and HEF velocity were mainly controlled
by spatial variability in elevation and the resulting eleva-
tion gradients were quantified by different variables (S, GtS,
awsp, and bygp). The secondary control was the geological
characteristics, i.e., the stream hydraulic conductivity (K)
and depth of Quaternary deposits (Dgp). Finally, the hydrau-
lics of the stream network specifically controlled the HEF
velocity but to some extent also the dGWF velocity.

Controls on the dGWF velocity

The average hydraulic conductivity of the topsoil exerted
major control on the dGWF discharge velocity, independ-
ent of the catchment scale over which variables were aver-
aged. It explained 39 and 48% of the variability in Wygwe,
and Wygwrc, respectively (Figs. S10-S11 in the ESM) and
was included in the best multivariate regression model at
the reach scale as well as the intermediate catchment scale
(Fig. 3a, b). The inclusion of the top hydraulic conductiv-
ity in the regression models was not self-evident (although
expected), since the groundwater velocity at a specific point
is controlled by the harmonic mean of the hydraulic con-
ductivity along the full stream tube, and not just the local
hydraulic conductivity. Additionally, other studies have
identified soil properties as an important control on ground-
water flow; in certain catchments more dominant than the
catchment topography (Tetzlaff et al. 2009). However, here,
the explanatory power increased considerably when a topo-
graphic variable was included in the multivariate analysis
(Fig. 3), which highlights that the variability in groundwater
flow is dependent on both the topographic and geological
conditions. Finally, the dGWF discharge velocity depended
somewhat on the hydromorphological characteristics of the
local stream reach, but the control was less important (lower
R? values) and of lower significance (higher p-values) than
the control of the catchment characteristics.

Controls on the HEF velocity

In contrast to the dGWF, the variables that best explained the
variability in the HEF velocity at the reach and intermediate
catchment scales were the characteristics of the local reach
and specifically the fractal properties of the stream-water-
surface elevation—i.e., the spectral level aygp and spectral
slope bygp (Fig. 4a, b). Since the integral of a PSD equals
the variance of the signal, the positive correlation between
aywsp and the average hyporheic exchange velocity shows an
increase with variance in the WSP along the streambed. The
predominant control of aygp and bysp on the HEF over other
variables is interesting. These other variables include the
stream-flow velocity and depth and the head gradients over
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wavelengths larger than approximately 20 m (indicated, for
example, by the stream slope or normalized standard devia-
tion of the stream longitudinal elevation). This finding agrees
with previous studies that concluded that static head gradients,
rather than the dynamic head gradients, drive the main part
of the HEF (Marzadri et al. 2014; Mojarrad et al. 2019), and
that gradients over shorter scales accounted for the main part
of the hyporheic flux (Morén et al. 2021). Previous regression
analyses have also shown that fractal properties of the stre-
ambed topography (or water-surface elevation) can function
as indices for hyporheic exchange (Lee et al. 2020; Marzadri
et al. 2014). Although the methods and included variables
in those studies differed slightly from the ones used in the
present study, the general conclusions were the same—the
hyporheic exchange flux was generally higher in reaches with
high elevation variability, distributed equally over all scales,
than in reaches where the elevation variability was central-
ized to a certain point along the reach or related to general
landscape variability. Another important variable for HEF was
the Darcy-Weisbach friction factor, which caused an increased
HEEF at all three spatial scales and was specifically important
at the intermediate and regional catchment scales, which is
in contrast to previous studies that found an increase in the
HEEF residence time with increasing Darcy-Weisbach friction
factor within specific streams (Harvey et al. 2003; Zarnet-
ske et al. 2007). Thus, variability in streambed topography
between stream segments inserted a primary control on the
HEF compared to differences in discharge, depth and stream
velocity, which could have a physical explanation, but could
also be due to the model setup. In general, the stream veloc-
ity varied relatively little between stream segments due to the
way it was estimated using a regression model. Furthermore,
the dynamic velocity and stream depth only had an indirect
control on the HEF velocity through the dynamic hydraulic
head distribution at the streambed interface, which was gener-
ally much smaller than the static head gradients, and therefore
had little impact on the results.

Controls on the velocity ratio

In general, the regression models developed in this study to
explain the ratio between the dGWF discharge velocity and
the HEF velocity mirrored the regression models developed
for the two types of flows separately. At the reach scale, the
velocity ratio increased with increasing S, and K, (Fig. 5a),
and the same trend was seen for the dGWF discharge velocity.
Similarly, the ratio decreased with aygp , and increased with
bwsp. ,» which reflects the relationship between these variables
and the nominator of the ratio, i.e., {Wygg),- Thus, the veloc-
ity ratio was the smallest, and the impact of the HEF on the
dGWF pattern was highest in reaches with high variability in
the WSP occurring over relatively short spatial scales and not
correlating with landscape topographic variations.
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At the intermediate scale, the velocity ratio did not corre-
late with the topographic variation along the stream thalweg
and was instead correlated with the average local slope of
the catchment (Fig. 5b). It seems intuitive that when vari-
ables are averaged over larger scales, the influence of catch-
ment characteristics increases and becomes more dominant
in controlling the HEF-dGWF interactions compared to the
local stream characteristics. However, it should be noted
that the intermediate catchment-scale model for the veloc-
ity ratio was considered uncertain due to the large differ-
ence between the adjusted and predictive R* values. This is
probably because higher multicollinearity was found at the
intermediate scale compared to the reach scale, which infers
uncertainty in all derived models at the intermediate scale.

The only previous regression analysis (to the authors’ best
knowledge) on the relationship between the velocity ratio and
catchment characteristics (Mojarrad et al. 2019) concluded
that the catchment mean elevation and stream order were the
two most important independent variables, both causing a
decrease in the velocity ratio. Here, the catchment elevation
was removed from the analysis after PCA because of its high
positive correlation with other independent variables, such
as GtS and the local slope S, especially at the intermediate
and regional catchment scales. The local slope was one of the
variables included in the best regression models of this study
at the reach scale (Fig. 5a), thus indicating consistency with
the findings of Mojarrad et al. (2019). The stream order was
not included in this study because it was not possible to use at
the intermediate and regional catchment scales; however, at
the reach scale, the stream order was slightly correlated with
the fractal properties of the streambed. A higher aygp , and
a lower bygp , were found in lower order reaches, implying
that the velocity ratio decreased with stream order.

Impacts of spatial scale on the control on GW-HEF
interactions

An interesting aspect of the regression results is how the
derived models varied in explanation power and included
different variables when analyses were performed at the
three different spatial scales. Other studies that have dis-
cussed how the spatial scale can influence the results of
regression analysis of groundwater flow (McGlynn et al.
2003; McGuire et al. 2005; Tetzlaff et al. 2009) have gener-
ally concluded that at hillslope scales, transport times mainly
depend on the catchment area or flow path length (McGlynn
et al. 2003). Subsequently, when averaged over larger catch-
ment areas, clearer dependencies are evident between the
topographic indices and groundwater flows (McGuire et al.
2005), which is in agreement with the results of the pre-
sent study when moving from the reach to the intermediate
catchment scale. In this study, the catchment area did not
significantly control the flow velocities at the discharge sites

at any scale; however, increasing the scale used for averaging
the variables from the reach scale to the intermediate scale
resulted in an increase in the adjusted R? value. For the HEF
velocity and the velocity ratio, however, the trend was the
opposite, and the explanatory power decreased when aver-
aging over the intermediate catchment scale instead of the
reach scale. The relationships found at the regional catch-
ments generally had high explanation power, which is inter-
esting but uncertain due to the low number of catchments
included in the analysis; therefore, studies based on a larger
number of catchments should be conducted in the future to
validate the results reported here.

Limitations and uncertainties

This study used well-established models, which were partly
validated within the studied catchments and supported with
observed landscape and stream network topography, to high-
light the large variability in dGWF discharge velocity that
can be found within and between catchments and the pos-
sible effects of HEF on this discharge. Nevertheless, the lack
of site-specific data to calibrate the models and validate the
estimated velocities is a limitation that can influence the
regression results. This can partly explain the relatively low
R? values (adjusted R? < 0.61) found in this study, mainly
related to models explaining variability in dGWF velocity
and the velocity ratio at the SWI at reach and intermedi-
ate catchment scales. Thus, although the best available data
and state-of-the-art models were used in this study and the
results generally conform to the concurrent understanding of
the hydrological system, a need remains for more research
on the spatial variability in GWF-HEF interactions in areas
where more data are available.

When studying processes within streams across large
scales, one challenge is how to define the exact extension of
the stream network. Here, the stream network was mapped
from high-resolution elevation data using ArcGIS and manu-
ally controlled to follow the lowest part of the landscape, so
that topographical variations would reflect the stream and
not the surrounding land. However, the stream was mod-
elled as a polyline without width and it was assumed that all
particles that discharged within a local catchment (related to
a local stream segment) did so specifically at the stream bot-
tom. In reality, it is likely that some of the deep groundwater
discharges adjacent to the stream network where it will not
be impacted by the processes in the stream. Furthermore,
the flow accumulation threshold used to define the upper
limit of the stream network was, in this study, related to a
small discharge of 0.5 L/s at low flow conditions. Since deep
groundwater discharged in upstream as well as downstream
parts of the catchment, choosing another threshold would
probably influence the result slightly, which is an uncer-
tainty of this study. Future studies could improve this by
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performing a sensitivity analysis on the threshold or taking
into account factors like climate and soil type when defining
it (e.g., Vogt et al. 2003).

Another limitation is that the two models used in this
study do not account for any temporal variability of the
hydrological variables. The landscape topography was used
to reflect the phreatic water surface and the top boundary
condition in the GWF models, which is in line with both the
analytic and numeric solutions of previous studies (Card-
enas and Jiang 2010; Craig 2008; Wang et al. 2011) and
is justified by the relatively flat topography, shallow soils,
and humid climate in the studied catchments (Haitjema and
Mitchell-Bruker 2005). Furthermore, the model used here
also accounted for the fact that the water table is controlled
by the recharge rate in the infiltration zone, making it more
realistic than many previous studies. Adapting the grid res-
olution until satisfying the estimated runoff values by the
SMHI for each catchment could also be seen as a type of
calibration process of the models.

The assumption of stationary longitudinal stream WSPs,
which was assumed here to be reflected by the elevation data
extracted from the DEM, infers uncertainties in the estima-
tions of HEF. This is because the DEM reflects only the sur-
face-water elevation at the specific time the LIDAR meas-
urements were taken and because the relationship between
stream-flow discharge and HEF velocities is still debated.
On the one hand, studies have shown that in cases of stable
groundwater discharge, yearly variations in stream base flow
only had a limited impact on the average hyporheic exchange
flux (Marzadri et al. 2014; Storey et al. 2003; Tonina and
Buffington 2009). This would imply that although head gra-
dients at the streambed interface might be over- or underes-
timated due to misinterpretation of the topographic data, the
general result that HEF velocities are considerably higher
than dGWF discharge velocities prevails in most reaches. On
the other hand, recent studies have shown that fast changes
in stream flow related to specific discharge events can sub-
stantially impact HEF (e.g., Singh et al. 2019; Trauth and
Fleckenstein 2017), thus leading to temporal variability in
both the velocity ratio and the pattern of discharging dGWF.
This variability is not accounted for in the present study but
is an important question that should be extensively studied
in the future. Another uncertainty is the 20-m wavelength
limit, which was used when extrapolating the head variation
spectrum towards lower scales. This limit could have large
impact on the HEF, since the smallest scales were shown to
be the most important. To minimize this uncertainty, future
studies should include a sensitivity analysis on using differ-
ent cut-off wavelengths.

The uncertainties in the estimation of HEF also relate to
stream-flow velocity and depth, which are estimated using
statistical relationships based on a limited dataset and result
in rather small variations in the two variables between
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reaches. Uncertainties in the stream velocity and depth are
subsequently reflected in several of the independent variables,
which might have impacted the final results of the regression
analysis and limits the results specifically to Swedish hydro-
logical conditions. However, at this point, using the presented
regression model along the lines of Lindstrom et al. (2010),
for example, was the best option available for overcoming
the lack of spatially distributed observations of channel char-
acteristics. Finally, although the model used for calculating
the HEF velocity was validated in Morén et al. (2021), it
was demonstrated in that study that the model might under-
estimate the HEF velocity in reaches with high discharge
and depth and low slopes. This would in turn indicate that
the velocity ratio might be overestimated in the high-order
stream reaches, as well as generally in flat regional catch-
ments (such as Forsmark). However, this potential underes-
timation of the HEF velocity would not influence either the
general conclusion that the HEF velocities are considerably
higher than the dGWF discharge velocity, or in which reaches
and catchments the impact is largest.

Conclusions

In this study, the use of physically based steady-state models
that were supported by topographic, geological, and hydrau-
lic data showed that the velocity of discharging dGWF
varied substantially both within and between five regional
catchments in Sweden. Furthermore, the dGWF discharge
velocities were considerably smaller than the HEF veloci-
ties, indicating that HEF can have a substantial impact on
the pattern of the discharging dGWF in most stream net-
works considered here. The main effect of the hyporheic
zone in this context is that it confines the dGWF discharge
areas and thereby accelerates the discharge velocity at the
SWI. This is, for example, relevant information for analyses
examining the spreading of radionuclides originating from
HLRW located in deep bedrock, the upwelling of legacy
nitrogen and the temporal stability and distribution of the
patchy structure of benthic habitats.

A large number of significant regression models were
derived to explain the relationships between catchment and
stream-reach hydromorphological and geographic variables
and the targeted dependent parameters—dGWF discharge
velocity, HEF velocity, and the ratio between the two veloci-
ties averaged at three spatial scales. The regression analysis
could explain some but not all of the modelled variability in
the dependent variables, with explanation powers varying
between 70 and 90% for the HEF models and between 40
and 50% for the dGWF models. The one regression model
found for the velocity ratio explained approximately 50% of
the variability. Thus, more research is needed to understand
these phenomena and the derived models should be applied
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with caution. Note also that results are limited to reaches
where deep groundwater was upwelling from a depth of 500
m and that some of the variables used to limit the models
were estimated using semiempirical equations and theo-
retical assumptions. Thus, the resulting models should be
applied specifically in discharge zones and should not be
used in other hydrological conditions than the one found in
Sweden. Nevertheless, the regression models indicated that
upwelling groundwater velocity increases mainly with the
hydraulic conductivity of the topsoil but that the explana-
tory power increases when topographic information is also
accounted for. Furthermore, the regression analyses indicate
that the fractal properties of the longitudinal water-surface
elevation along the stream network regulate the HEF veloci-
ties to a large extent, thereby also exerting primary control
over the velocity ratio and convergence of deep groundwater
close to the SWI. In more generalized terms, the regression
analytical results lead to two conclusions. One is that both
the dGWF discharge velocities and HEF velocities are larger
in steep subcatchments with highly variable stream slopes,
which are often headwaters or low-order streams, than in
flatter areas close to the catchment outlet. The other is that
the impact of HEF on the dGWF discharge velocities was
highest in areas where the landscape elevation variability
was low, that is, in areas where the upwelling groundwater
velocity was low but where relatively high variability was
present in the local elevation along the stream reaches.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10040-023-02599-5.

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Funding Open access funding provided by Royal Institute of
Technology.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abelin H, Birgersson L, Moreno L, Widén H, Agren T, Neretnieks I
(1991) Large-scale flow and tracer experiment in granite 2: results
and interpretation. Water Resour Res 27(12):3119-3135

Alexander WR, Smith PA, Mckinley IG (2003) Modelling radionuclide
transport in the geological environment: a case study from the
field of radioactive waste disposal, chap 5. In: Scott EM (ed) Radi-
oactivity in the environment. Elsevier, Amsterdam, pp 109-145

Bhaskar AS, Harvey JW, Henry EJ (2012) Resolving hyporheic and ground-
water components of streambed water flux using heat as a tracer. Water
Resour Res 48(8). https://doi.org/10.1029/2011wr011784

Boano F, Revelli R, Ridolfi L (2008) Reduction of the hyporheic zone
volume due to the stream-aquifer interaction. Geophys Res Lett
35:1-5

Boano F, Harvey JW, Marion A, Packman Al, Revelli R, Ridolfi L,
Woérman A (2014) Hyporheic flow and transport processes: mech-
anisms, models, and biogeochemical implications. Water Resour
Res 52:603-679

Bresciani E, Goderniaux P, Batelaan O (2016a) Hydrogeological con-
trols of water table-land surface interactions. Geophys Res Lett
43(18):9653-9661

Bresciani E, Gleeson T, Goderniaux P, de Dreuzy JR, Werner AD,
Worman A, Zijl W, Batelaan O (2016b) Groundwater flow sys-
tems theory: research challenges beyond the specified-head top
boundary condition. Hydrogeol J 24(5):1087-1090

Cardenas MB, Jiang X-W (2010) Groundwater flow, transport, and
residence times through topography-driven basins with exponen-
tially decreasing permeability and porosity. Water Resour Res
46(11):W11538. https://doi.org/10.1029/2010WR009370

Craig JR (2008) Analytical solutions for 2D topography-driven
flow in stratified and syncline aquifers. Adv Water Resour
31(8):1066-1073

Daniels J, Thunholm B (2014) Rikstéckande jorddjupsmodell [Nation-
wide soil depth model]. SGU-rapport 2014:14, SGU, Uppsala,
Sweden, 14 pp. https://resource.sgu.se/produkter/sgurapp/s1414-
rapport.pdf

Elliott AH, Brooks NH (1997a) Transfer of nonsorbing solutes to a stre-
ambed with bed forms: theory. Water Resour Res 33(1):123-136

Elliott AH, Brooks NH (1997b) Transfer of nonsorbing solutes to a
streambed with bed forms: laboratory experiments. Water Resour
Res 33(1):137-151

Fleckenstein JH, Krause S, Hannah DM, Boano F (2010) Groundwater-
surface water interactions: new methods and models to improve
understanding of processes and dynamics. Adv Water Resour
33(11):1291-1295

Gooseff MN, Hall JRO, Tank LJ (2007) Relating transient storage to
channel complexity in streams of varying land use in Jackson
Hole, Wyoming. Water Resour Res 43. https://doi.org/10.1029/
2005wr004626

Haitjema HM, Mitchell-Bruker S (2005) Are water tables a subdued
replica of the topography? Groundwater 43(6):781-786

Hare DK, Helton AM, Johnson ZC, Lane JW, Briggs MA (2021) Con-
tinental-scale analysis of shallow and deep groundwater contri-
butions to streams. Nat Commun 12(1):1450. https://doi.org/10.
1038/541467-021-21651-0

Harvey JW, Conklin MH, Koelsch RS (2003) Predicting changes in
hydrologic retention in an evolving semi-arid alluvial stream. Adv
Water Resour. 26:939-950

Hedin LO, von Fischer JC, Ostrom NE, Kennedy BP, Brown MG,
Robertson GP (1998) Thermodynamic constraints on nitrogen
transformations and other biogeochemical processes at soil-
stream interfaces. Ecology 79(2):684—703. https://doi.org/10.
2307/176963

Kautsky U, Lindborg T, Valentin J (2013) Humans and ecosystems
over the coming millennia: overview of a biosphere assessment
of radioactive waste disposal in Sweden. AMBIO 42:383-392.
https://doi.org/10.1007/s13280-013-0405-7

Kilfeather AA, van der Meer JIM (2008) Pore size, shape and con-
nectivity in tills and their relationship to deformation processes.

@ Springer


https://doi.org/10.1007/s10040-023-02599-5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1029/2011wr011784
https://doi.org/10.1029/2010WR009370
https://resource.sgu.se/produkter/sgurapp/s1414-rapport.pdf
https://resource.sgu.se/produkter/sgurapp/s1414-rapport.pdf
https://doi.org/10.1029/2005wr004626
https://doi.org/10.1029/2005wr004626
https://doi.org/10.1038/s41467-021-21651-0
https://doi.org/10.1038/s41467-021-21651-0
https://doi.org/10.2307/176963
https://doi.org/10.2307/176963
https://doi.org/10.1007/s13280-013-0405-7

554

Hydrogeology Journal (2023) 31:537-555

Quat Sci Rev 27:250-266. https://doi.org/10.1016/j.quascirev.
2006.12.015

Krause S, Hannah DM, Fleckenstein JH, Heppell CM, Kaeser D,
Pickup R, Pinay G, Robertson AL, Wood PJ (2011) Inter-disci-
plinary perspectives on processes in the hyporheic zone. Ecohy-
drology 4:481-499. https://doi.org/10.1002/eco.176

Krause S, Tecklenburg C, Munz M, Naden E (2013) Streambed nitro-
gen cycling beyond the hyporheic zone: flow controls on horizon-
tal patterns and depth distribution of nitrate and dissolved oxygen
in the upwelling groundwater of a lowland river. J Geophys Res
Biogeosci 118:54-67. https://doi.org/10.1029/2012JG002122

Lacombe G, Douangsavanh S, Vogel RM, McCartney M, Chemin Y,
Rebelo LM, Sotoukee T (2014) Multivariate power-law models
for streamflow prediction in the Mekong Basin. J Hydrol Region
Stud 2:35-48. https://doi.org/10.1016/j.ejrh.2014.08.002

Laudon H, Sjoblom J, Buffan I, Seibert J, Morth M (2007) The role
of catchment scale and landscape characteristics for runoff gen-
eration of boreal streams. J Hydrol 344(3—4):198-209. https://
doi.org/10.1016/j.jhydrol.2007.07.010

Lee A, Aubeneau AF, Cardenas MB (2020) The sensitivity of hypor-
heic exchange to fractal properties of riverbeds. Water Resour Res
56(5). https://doi.org/10.1029/2019WR026560

Lindstrom G, Pers C, Rosberg J, Stromqvist J, Arheimer B (2010)
Development and testing of the HYPE (Hydrological Predictions
for the Environment) water quality model for different spatial
scales. Hydrol Res 41:295-319

Marklund L, Worman A, Geier J, Simic E, Dverstorp B (2008) Impact
of landscape topography and quaternary overburden on the perfor-
mance of a geological repository of nuclear waste. Nucl Technol
163:165-179

Marzadri A, Tonina D, Mckean JA, Tiedemann MG, Benjankar RM
(2014) Multi-scale streambed topographic and discharge effects
on hyporheic exchange at the stream network scale in confined
streams. J Hydrol 519:1997-2011

Mcglynn BL, Mcdonnell J, Stewart M, Seibert J (2003) On the relation-
ships between catchment scale and streamwater mean residence
time. Hydrol Process 17:175-181

Mcguire KJ, Mcdonnell JJ, Weiler M, Kendall C, Mcglynn BL, Welker
JM, Seibert J (2005) The role of topography on catchment-scale
water residence time. Water Resour Res 41. https://doi.org/10.
1029/2004WR003657

Mojarrad BB, Riml J, Worman A, Laudon H (2019) Fragmentation of
the hyporheic zone due to regional groundwater circulation. Water
Resour Res 55:1242-1262

Mojarrad BB, Worman A, Riml J, Xu S (2022) Convergence of ground-
water discharge through the hyporheic zone of streams. Ground-
water. https://doi.org/10.1111/gwat.13236

Montgomery D, Peck E, Vining G (2012) Introduction to linear regres-
sion analysis, vol 821, 5th edn. John Wiley & Sons, Inc., Hobo-
ken, New Jersey

Morén I, Riml J, Worman A (2021) Cross-validating hydromechanical
models and tracer test assessments of hyporheic exchange flow in
streams with different hydromorphological characteristics. Water
Resour Res 57:¢2021WR030248. https://doi.org/10.1029/2021W
R030248

O’Connor BL, Harvey JW (2008) Scaling hyporheic exchange and
its influence on biogeochemical reactions in aquatic ecosystems.
Water Resour Res 44(12). https://doi.org/10.1029/2008 WR0071
60

Ofterdinger US, Renard PH, Loew S (2014) Hydraulic subsurface
measurements and hydrodynamic modelling as indicators for
groundwater flow systems in the Rotondo granite, Central Alps
(Switzerland). Hydrol Process 28:255-278

Packman Al, Salehin M, Zaramella M (2004) Hyporheic exchange
with gravel beds: basic hydrodynamic interactions and bedform-
induced advective flows. J Hydraul Eng 130:647-656

@ Springer

Poole GC, Stanford JA, Running SW, Frissell CA (2006) Multiscale
geomorphic drivers of groundwater flow paths: subsurface hydro-
logic dynamics and hyporheic habitat diversity. J North Ameri-
can Benthol Soc 25(2):288-303. https://doi.org/10.1899/0887-
3593(2006)25[288:Mgdogf]2.0.Co;2

Riml J, Worman A, Kunkel U, Radke M (2013) Evaluating the fate
of six common pharmaceuticals using a reactive transport
model: insights from a stream tracer test. Sci Total Environ
458-460:344-354

Round CE, Young AR, Fox K (1998) A regionally applicable model
for estimating flow velocity at ungauged river sites in the UK.
Water Environ J 12:402-405

Saar MO, Manga M (2004) Depth dependence of permeability in the
Oregon Cascades inferred from hydrogeologic, thermal, seismic,
and magmatic modeling constraints. J Geophys Res 109:B04204.
https://doi.org/10.1029/2003JB002855

Sawyer AH, Bayani CM, Buttles J (2011) Hyporheic exchange due to
channel-spanning logs. Water Resour Res 47:W08502. https://doi.
org/10.1029/2011WR010484

Selroos JO, Walker DD, Strom A, Gylling B, Follin S (2002) Compari-
son of alternative modelling approaches for groundwater flow in
fractured rock. J Hydrol 257(1-4):174-188

Singh T, Wu L, Gomez-Velez JD, Lewandowski J, Hannah DM, Krause
S (2019) Dynamic hyporheic zones: exploring the role of peak
flow events on bedform-induced hyporheic exchange. Water
Resour Res 55:218-235. https://doi.org/10.1029/2018WR 022993

Stewardson MJ, Datry T, Lamouroux N, Pella H, Thommeret N, Valette
L, Grant SB (2016) Variation in reach-scale hydraulic conductiv-
ity of streambeds. Geomorphology 259:70-80

Storey R, Howard K, Williams D (2003) Factors controlling riffle-scale
hyporheic exchange flows and their seasonal changes in a gain-
ing stream: a three-dimensional groundwater flow model. Water
Resour Res 39(2):1034. https://doi.org/10.1029/2002WR00136

Strombick L, Hjerdt N, Eriksson Bram L, Lewau P (2013) Vattenwebb:
A transparent service to support decision makers in achieving
improved water status. ISESS 2013, IFIP AICT 413: Information
Systems and Applications, 669-678. http://urn.kb.se/resolve?urn=
urn:nbn:se:smhi:diva-5187

Tesoriero AJ, Duff JH, Saad DA, Spahr NE, Wolock DM (2013) Vul-
nerability of streams to legacy nitrate sources. Environ Sci Tech-
nol 47(8):3623-3629. https://doi.org/10.1021/es305026x

Tetzlaff D, Seibert J, Soulsby C (2009) Inter-catchment comparison to
assess the influence of topography and soils on catchment transit
times in a geomorphic province: the Cairngorm Mountains, Scot-
land. Hydrol Process 23:1874—1886

Tonina D, Buffington JM (2009) A three-dimensional model for analyz-
ing the effects of salmon redds on hyporheic exchange and egg
pocket habitat. Can J Fisher Aquat Sci 66(12):2157-2173. https://
doi.org/10.1139/F09-146

To6th J (1963) A theoretical analysis of groundwater flow in small drain-
age basins. J Geophys Res 68:4795-4812

Trauth N, Fleckenstein JH (2017) Single discharge events increase
reactive efficiency of the hyporheic zone. Water Resour Res
53:779-798. https://doi.org/10.1002/2016 WR019488

Uchida T, Asano Y, Ohte N, Mizuyama T (2003) Seepage area and
rate of bedrock groundwater discharge at a granitic unchanneled
hillslope. Water Resour Res 39:1018. https://doi.org/10.1029/
2002WR001298

Van Meter KJ, Basu NB, Veenstra JJ, Burras CL (2016) The nitrogen
legacy: emerging evidence of nitrogen accumulation in anthropo-
genic landscapes. Environ Res Lett 11:035014. https://doi.org/10.
1088/1748-9326/11/3/035014

Vogt JV, Colombo R, Bertolo F (2003) Deriving drainage networks
and catchment boundaries: a new methodology combining digital
elevation data and environmental characteristics. Geomorphology


https://doi.org/10.1016/j.quascirev.2006.12.015
https://doi.org/10.1016/j.quascirev.2006.12.015
https://doi.org/10.1002/eco.176
https://doi.org/10.1029/2012JG002122
https://doi.org/10.1016/j.ejrh.2014.08.002
https://doi.org/10.1016/j.jhydrol.2007.07.010
https://doi.org/10.1016/j.jhydrol.2007.07.010
https://doi.org/10.1029/2019WR026560
https://doi.org/10.1029/2004WR003657
https://doi.org/10.1029/2004WR003657
https://doi.org/10.1111/gwat.13236
https://doi.org/10.1029/2021WR030248
https://doi.org/10.1029/2021WR030248
https://doi.org/10.1029/2008WR007160
https://doi.org/10.1029/2008WR007160
https://doi.org/10.1899/0887-3593(2006)25[288:Mgdogf]2.0.Co;2
https://doi.org/10.1899/0887-3593(2006)25[288:Mgdogf]2.0.Co;2
https://doi.org/10.1029/2003JB002855
https://doi.org/10.1029/2011WR010484
https://doi.org/10.1029/2011WR010484
https://doi.org/10.1029/2018WR022993
https://doi.org/10.1029/2002WR00136
http://urn.kb.se/resolve?urn=urn:nbn:se:smhi:diva-5187
http://urn.kb.se/resolve?urn=urn:nbn:se:smhi:diva-5187
https://doi.org/10.1021/es305026x
https://doi.org/10.1139/F09-146
https://doi.org/10.1139/F09-146
https://doi.org/10.1002/2016WR019488
https://doi.org/10.1029/2002WR001298
https://doi.org/10.1029/2002WR001298
https://doi.org/10.1088/1748-9326/11/3/035014
https://doi.org/10.1088/1748-9326/11/3/035014

Hydrogeology Journal (2023) 31:537-555

555

53(3-4):281-298. https://www.sciencedirect.com/science/article/
pii/S0169555X02003197

Wang X-S, Jiang X-W, Wan L, Ge S, Li H (2011) A new analyti-
cal solution of topography-driven flow in a drainage basin with
depth-dependent anisotropy of permeability. Water Resour Res
47(9):W09603. https://doi.org/10.1029/2011WR010507

Ward AS, Wondzell SM, Schmadel NM, Herzog S, Zarnetske JP,
Baranov V, Blaen PJ, Brekenfeld N, Chu R, Derelle R, Drum-
mond J, Fleckenstein JH, Garayburu-Caruso V, Graham E, Han-
nah D, Harman CJ, Hixson J, Knapp JLA, Krause S et al (2019)
Spatial and temporal variation in river corridor exchange across
a 5Sth-order mountain stream network. Hydrol Earth Syst Sci
23:5199-5225

Welch P (1967) The use of fast Fourier transform for the estimation of
power spectra: a method based on time averaging over short, mod-
ified periodograms. IEEE Trans Audio Electroacoust 15(2):70-73.
https://doi.org/10.1109/TAU.1967.1161901

Welch LAA, Allen DMM, Van Meerveld HJ (2012) Topographic con-
trols on deep groundwater contributions to mountain headwater
streams and sensitivity to available recharge. Can Water Resour
J37:349-371

Winter TC, Harvey JW, Franke OL, Alley WM (1998) Ground water
and surface water: a single resource. US Geol Surv Circ 1139.
https://doi.org/10.3133/cir1139

Wondzell SM, Herzog SP, Gooseff MN, Ward AS, Schmadel NM
(2022) Geomorphic controls on hyporheic exchange across

scales: watersheds to particles. In: Treatise on Geomorphology.
Academic Press

Worman A, Packman Al, Johansson H, Jonsson K (2002) Effect of
flow-induced exchange in hyporheic zones on longitudinal
transport of solutes in streams and rivers. Water Resour Res
38(1):1001. https://doi.org/10.1029/2001WR000769

Worman A, Packman Al, Marklund L, Harvey JW, Stone S (2007)
Fractal topography and subsurface water flows form from flu-
vial bedforms to the Continental Sheild. Geophys Res Lett 34(7).
https://doi.org/10.1029/2007GL029426

Woérman A, Riml J, Mojarrad BB, Xu S (2019) Parameterizing water
fluxes in the geosphere-biosphere interface zone: for use in bio-
sphere modeling as part of the long-term safety assessment. In:
17th International High-Level Radioactive Waste Management
Conference, IHLRWM 2019, 14-18 April 2019, Knoxville, United
States 2019 (pp 554-558). American Nuclear Society. http://urn.
kb.se/resolve?urn=urn:nbn:se:kth:diva-280582

Zarnetske JP, Gooseff MN, Brosten TR, Bradford JH, Mcnamara JP,
Bowden WB (2007) Transient storage as a function of geomorphol-
ogy, discharge, and permafrost active layer conditions in Arctic
tundra streams. Water Resour Res 43:W07410. https://doi.org/10.
1029/2005WR004816

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://www.sciencedirect.com/science/article/pii/S0169555X02003197
https://www.sciencedirect.com/science/article/pii/S0169555X02003197
https://doi.org/10.1029/2011WR010507
https://doi.org/10.1109/TAU.1967.1161901
https://doi.org/10.3133/cir1139
https://doi.org/10.1029/2001WR000769
https://doi.org/10.1029/2007GL029426
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-280582
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-280582
https://doi.org/10.1029/2005WR004816
https://doi.org/10.1029/2005WR004816

	Geographic and hydromorphologic controls on interactions between hyporheic flow and discharging deep groundwater
	Abstract
	Introduction
	Methods
	Study catchments and data
	Hydrological modeling
	Regional groundwater flow modeling
	Hyporheic exchange flow modeling

	Independent catchment and reach characteristics
	Averaging dependent and independent variables over three different scales

	Statistical analysis

	Results
	Variability in the GWF–HEF interactions within and between catchments
	Regression analytical results
	Regression models for the deep groundwater discharge velocity
	Regression models for the hyporheic exchange velocity
	Regression models for the velocity ratio


	Discussion
	Variations in deep groundwater upwelling velocities between and within catchments and implications for the spread of deep groundwater contaminants
	Hydromorphological and geographic controls on dGWF–HEF interactions
	Controls on the dGWF velocity
	Controls on the HEF velocity
	Controls on the velocity ratio

	Impacts of spatial scale on the control on GW–HEF interactions
	Limitations and uncertainties

	Conclusions
	Conflict of interest 
	References


