
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10040-023-02599-5

PAPER

Geographic and hydromorphologic controls on interactions 
between hyporheic flow and discharging deep groundwater

Ida Morén1   · Brian Mojarrad1 · Joakim Riml1 · Anders Wörman1

Received: 13 April 2022 / Accepted: 19 January 2023 
© The Author(s) 2023

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 (Tóth 1963, Winter et al. 1998, Wörman 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), 

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; Wörman 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 WdGWF∕⟨W⟩HEF , where 
WdGWF  is the average deep groundwater flow (dGWF) 
discharge velocity and 〈W〉HEF is the flow-weighted aver-
age hyporheic exchange velocity (Mojarrad et al. 2019). 
If WdGWF∕⟨W⟩HEF<<1, then an increased convergence 
of the dGWF close to the SWI is expected, whereas if 
WdGWF∕⟨W⟩HEF>>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 WdGWF∕⟨W⟩HEF 
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 

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; Wörman 
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 
GWF 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; Strömbäck 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 × 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 Säva 
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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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, QML (m3/s), higher than 0.5 L/s were included in the 
analysis. The average annual mean low discharge and annual 
mean discharge, QM (m3/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—QM, out (m3/s) and QML, out (m3/s), respectively, 
obtained from the Hydrological Predictions for the Envi-
ronment (HYPE) model; Lindström 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 km2, with an average of 1.317 km2. Clustering 

adjacent subcatchments, guided by the stream network, was 
performed to create intermediate catchments, which had 
areas ranging between 6.68 and 37.75 km2, with an average 
of 19.03 km2. Finally, the regional scale simply consisted 
of the five regional catchments, which had areas ranging 
between 68 and 193 km2. The final stream network, reach 
catchments, and intermediate subcatchments in the Säva 
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:

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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Table 1   Summary of the characteristics of the five investigated catchments

a 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

Characteristic Bodals Brook (BB) Säva 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-

ture (12%)
Forest (63%), agricul-

ture (26%)
Agriculture (82%) Forest (78%), agricul-

ture (13%)
Forest (94%)

Area (km2) 96 194 84 82 68
Elevation range
(m asl)

0–79 9–107 0–03 2–52 127–373

Stream-reach average 
slope (%)

1.2 0.89 0.87 0.5 3

Stream network length 
(km)

74 170 67 67 101

Mean annual stream 
outlet discharge, 
QM, out (m3/s)

0.63 1.54 0.73 0.65 0.99

Lake percentage (%)a 3.4 <1 3.5 2.5 < 1
Depth of Quaternary 

deposits (m)
2 4s 44 2 15

Main soil types Moraine (35%), bed-
rock outcrop (28%), 
fine soils (8%), dif-
ferent types of clay 
(10%)

Moraine (39%), bed 
outcrops (11%), fine 
soils (11%), different 
types of clay (26%)

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%)
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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:

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:

where zi,top (m) is the topographic elevation at the top of the 
layer, δ (m) is the earth skin depth, and index i represents 
different individual layers (i.e., bedrock or QD). Saar and 
Manga (2004) suggested that δ for QD and bedrock layers 
is in the range of 200–300 m. In this study, δ = 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) = ZB(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 

(2)q = −K

(
�H(x, y, z)

�x
+

�H(x, y, z)

�y
+

�H(x, y, z)

�z

)

(3)Ki(z) = Ki,top e
(z−zi,top)

�i

satisfy the annual mean infiltration rates of the catchments 
estimated by the SMHI. The total depth of the model (DT) 
including both QD and bedrock thicknesses, varied spatially 
within different catchments, but DT = 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 ( �H

�z

|||z=−DT

= 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, z)|x=0,Lx and y=0,Ly

= ZB(x, y) , 
where Lx and Ly 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 × 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 WdGWF(p) (m/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 λ (m). The flow-weighted average exchange 
velocity, 〈WHEF〉 (m/s), was then calculated for each reach by 
integrating over the HEF velocity PSD ( SWHEF

(�) ) between 
the smallest and largest wavelengths of the spectrum, λmin 
(m) and λmax (m), according to:

(4)⟨WHEF⟩ =

�

∫
�max

�min

SWHEF
(�)

�2
d�
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In line with Morén et al. (2021), SWHEF
(�) was calculated 

from the hydraulic head PSD, Sh(λ), as:

where Khz,  top is the hydraulic conductivity at the SWI, and α(λ) 
(-) is a geological damping factor accounting for a decrease in 
HEF velocity with depth into the streambed according to:

Equation (6) results from an exponential decay 
in hydraulic conductivity with depth according to 
Khz(z) = Khz,  tope–cz, where the constant c (m–1) 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 Khz,  top = 10–4 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, 
Khz(z =  –1 m) = KQD, top (Table S1 in the ESM).

The estimated hydraulic head PSD, Sh(λ), 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 Sh(�) = Shs (�) + Shd (�) . Elevation data 
were first extracted along the thalweg of each reach, and 
the PSDs of the data, SDEM(λ) (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 (�) = SWSP(�) = SDEM(�) and the streambed topographic 
PSD was subsequently calculated as Szb (�) = SWSP(�)∕Cs . 
The transformation factor (Cs) 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 (�) , was calculated as 
Shd (�) = CdSzb , where the transformation coefficient Cd was 

(5)SWHEF
(�) =

(
2�Khz, top

)2
�(�)2

Sh(�)

�2

(6)
�(�) = e

(
−

c�

4�
+

√(
c�

4�

)2

+1

)
2�y

�

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/s2), the average stream 
velocity U (m/s), the average stream depth d (m), and the 
standard deviation in the bottom elevation �zb(m)(Elliott 
and Brooks 1997a, b). The standard deviation in the bot-
tom elevation, �zb , was calculated from the 2 m × 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 × 2 m, which results 
in a minimum wavelength of the spectrum λmin = 2Δx∗ = 4 
m, according to the Nyquist–Shannon sampling theorem, 
where Δx∗ 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 < λ < 20 m) according to:

where aWSP and bWSP 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’.

(7)SWSP(𝜆 < 4) = aWSP𝜆
bWSP
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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 × 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 WdGWFr,WdGWFIC, and WdGWFRC . The velocity ratio 
at the reach scale was then derived according to:

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

(8)�W,r = WdGWFr∕⟨WHEF⟩r

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 (m2) 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 σE (-) 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 (m2) 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 
subcatchment. Values for each pixel were derived from soil type 
maps (©Swedish Geological Survey) and Table S1 in the ESM

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

Stream-reach hydromorphology Stream length L (m) Length along thalweg
Discharge QM (m3/s) Discharge derived as described in Section ‘Study catchments and 

data’
Stream velocity, U m3/s Estimated from stream discharge according to Text S3 in the ESM
Stream depth, d (m) Estimated from stream discharge according to Text S3 in the ESM
Stream width, w (m) Estimated from stream discharge according to Text S3 in the ESM
Stream cross-sectional area Astr, (m2) Calculated by assuming a rectangular cross-sectional area according 

to Astr = dw
Stream slope Sstr (-) Total DEM elevation drop divided by length along stream thalweg (-)
Normalized standard deviation in stre-

ambed elevation �zb∕L (-)
Standard deviation in DEM elevation along the stream thalweg 

divided by the length of the thalweg (-)
Slope of small-scale WSP PSD, bWSP Estimated from fitting a power law equation to the water-surface 

profile PSD over wavelength <20 m (Eq. 7)
Level of small-scale WSP PSD, aWSP Estimated from fitting a power law equation to the water-surface 

profile PSD over wavelength <20 m (Eq. 7)
Reynolds number, Re (-) Calculated from the average stream depth according to Re = Ud

�

Froude’s number, Fr (-) Calculated according to:Fr = U√
gd

Darcy-Weisbach friction factor, f (-) Calculated according to: f = 8gdSstr

U2

Stream power, Ω (Nm/s) Calculated according to Ω = ρgSstrQM
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velocity (Eq. 4) at the intermediate or regional catchment 
scale were averaged by taking a length-weighted average, 
defined as:

where R is the number of reaches in the intermediate 
catchment (scale = IC) or regional catchment (scale = RC), 
Lr is the length of reach r, and ζr 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 
HEF 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, DQD, U, Fr, Re , Ω, f, aWSP, and bWSP), 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 (Ω) 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 

(9)� scale =

∑R

r=1
Lr�r

∑R

r=1
Lr

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 (R2) the adjusted 
coefficient of determination (R2

Adj) and the predictive coeffi-
cient of determination, R2

Pred (see equations in Text S6 in the 
ESM). The model with the highest adjusted and predictive R2 
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 R2 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, ||WGWF

|| . 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, WdGWFr, 
covered seven orders of magnitude, ranging between 10–9 
and 10–5 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 WdGWFr 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 Säva Brook, in which 
WdGWFr values were higher than 10–7 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 WdGWFr values lower than 10–7 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 × 10–8 m/s in the catchment of Forsmark and 
1.5 × 10–6 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 10–7 and 10–3 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, Säva, Bodals, Tullstorps, 
and Krycklan. The regional averages of the HEF veloci-
ties, ⟨WHEF⟩RC , (average calculated using Eq. 9) ranged 
between 9.27 × 10–7m/s in Forsmark and 2.51 × 10–5 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., �W,r = WdGWFr∕⟨WHEF⟩r ) that were 
far below 1 in most reaches (Fig. 2c), 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 10–4 and 10, except in the 
Forsmark catchment, where the range was narrower and 
most ratios were between 10–3 and 10–1. 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, WdGWFr , and different 
independent variables (Fig. S10 in the ESM). However, 
only the correlation between WdGWFr and Kr, which had 
an R2 value of 0.40, explained more than 10% of the vari-
ability in WdGWFr . When independent and dependent vari-
ables were averaged at the intermediate catchment scale 
(Fig. S11 in the ESM), WdGWFIC was still correlated with 
KIC, and the correlation had an R2 value of 0.48, which 
was higher than at the reach scale. In addition, WdGWFIC 
was also significantly correlated with GtSIC, and this cor-
relation also had an R2 value of 0.33. Finally, f IC was sig-
nificantly correlated with WdGWFIC , but had an explanatory 
power of only 14%.

As expected, the regular R2 value increased when more 
variables were included in the multivariate regression 
analysis. The best model at the reach scale had a WdGWFr 
that was positively related to the topographic indices Sr 
and to the hydraulic conductivity of the local catchment 
Kr (Fig. 3a). The small difference between the regular R2 
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value (0.45), the adjusted R2 value (0.45) and the predic-
tive R2 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 KIC and WdGWFIC . The 

best significant model also included GtSIC and predicted 
approximately half of the variability in WdGWFIC (Fig. 3b). 
The regular R2, adjusted R2, and predictive R2 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 
WdGWFRC and the independent variables with a 95% level of 

Fig. 2   Cumulative distribution 
function of a reach average 
dGWF 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), 
Säva Brook (SB), Tullstorps 
Brook (TB), Forsmark Brook 
(FB) or Krycklan (K)
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confidence (Fig. S12 in the ESM). However, the best cor-
relation in terms of both significance and R2 values was that 
between GtSRC and WdGWFRC (Fig. 3c).

Regression models for the hyporheic exchange velocity

The single-variate regression analysis showed that seven of 
the ten tested variables were significantly related to 〈WHEF〉r 
(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, r and bWSP, r) which explained 60 and 67% of 
the observed variability in 〈WHEF〉r, respectively. Another 
important variable was the Darcy-Weisbach friction factor 
(fr) which explained 13% of the variability. When averaged 
at the intermediate scale, the same three variables ( aWSP,IC , 
bWSP,IC and f IC ) were significantly correlated to 〈WHEF〉IC, 
and R2 values were 0.63, 0.48 and 0.49. (Fig. S14 in the 
ESM). In addition, the gradient to stream (GtSIC) and the 
depth of the Quaternary deposit (DQD, IC) were significantly 
correlated with 〈WHEF〉IC and had R2 values of 0.48 and 0.44, 
respectively.

The multivariable regression models for 〈WHEF〉r had 
higher scoring values than the single-variate regression 

model, as expected. The model with the highest scoring 
values showed a positive correlation between 〈WHEF〉r and 
variables aWSP, r, Kr, and Ar, and a negative correlation 
between 〈WHEF〉r and bWSP, r. 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, r and bWSP, r), together 
with the hydraulic conductivity, provided the major control 
of 〈WHEF〉r. At the intermediate scale, several models with 
two predictors were found that explained the variability in 
⟨WHEF⟩IC 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 ⟨WHEF⟩IC with increasing aIC 
and decreasing SIC. However, since there was low correlation 
between ⟨WHEF⟩IC 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 R2 values was selected as the best model. The chosen 
model showed an increase in ⟨WHEF⟩IC with increasing aIC 
and increasing f IC , as illustrated in Fig. 4b.

At the regional catchment scale, only f RC was statistically 
correlated with the dependent variable, ⟨WHEF⟩RC , at the 
95% confidence level, and it explained 96% of the variability 

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 

different colored markers indicate if the data originated from Bodals 
Brook (BB), Säva Brook (SB), Tullstorps Brook (TB), Forsmark 
Brook (FB) or Krycklan (K)
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in ⟨WHEF⟩RC (Fig. 4c); however, DQD, RC, GtSRC and bRC were 
also statistically correlated with ⟨WHEF⟩RC 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 ( �W,r = WdGWFr∕⟨WHEF⟩r ) 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 Kr, 
aWSP, r, and bWSP, r explained 21, 22 and 20% of the vari-
ability in δW, r, respectively, while the rest of the significant 
correlations had R2 values < 5%. At the intermediate catch-
ment scale, only Kr and GtSr were significantly correlated to 
the ratio between the dGWF discharge velocity and the HEF 
velocity ( �WIC ) and the correlations had R2 values of 0.20 
and 0.17, respectively (Fig. S17 in the ESM).

The best multivariate regression model for δW, r included 
four independent variables and a positive correlation to Sr, 
Kr and bWSP, r and a negative correlation to aWSP, r (Fig. 5a). 
Additionally, it had an adjusted R2 value of 0.53 and a pre-
dictive R2 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 KIC and GtSIC and 

had an adjusted R2 value of 0.31 and a predictive R2 value 
of only 0.03 (Fig. 5b).

Single-variate regression analysis with the velocity ratio 
averaged at the regional catchment scale ( δWRC ) 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 

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 c 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 ( �W,r = WdGWFr∕⟨WHEF⟩r ) 
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 
HEF 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 10–4 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 
dGWF 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 

Fig. 5   Best regression models 
for the ratio between the dGWF 
velocity at the SWI and the 
average HEF velocity, where 
dependent and independent 
variables were averaged at a the 
reach scale and b the intermedi-
ate catchment scale
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stream characteristics control the variance in these two flows 
using regression analysis. The results imply that both the 
dGWF 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 bWSP). The secondary control was the geological 
characteristics, i.e., the stream hydraulic conductivity (K) 
and depth of Quaternary deposits (DQD). 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 WdGWFr 
and WdGWFIC , 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 
R2 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 aWSP and spectral 
slope bWSP (Fig. 4a, b). Since the integral of a PSD equals 
the variance of the signal, the positive correlation between 
aWSP and the average hyporheic exchange velocity shows an 
increase with variance in the WSP along the streambed. The 
predominant control of aWSP and bWSP on the HEF over other 
variables is interesting. These other variables include the 
stream-flow velocity and depth and the head gradients over 

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 
HEF 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 
HEF 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 Sr and Kr (Fig. 5a), 
and the same trend was seen for the dGWF discharge velocity. 
Similarly, the ratio decreased with aWSP, r and increased with 
bWSP, r, which reflects the relationship between these variables 
and the nominator of the ratio, i.e., 〈WHEF〉r. 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 R2 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 aWSP, r and 
a lower bWSP, r 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 R2 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 
R2 values (adjusted R2 < 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 

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 Lindström 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.
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