
Hydrol. Earth Syst. Sci., 28, 4065–4083, 2024
https://doi.org/10.5194/hess-28-4065-2024
© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

An investigation of anthropogenic influences on hydrologic
connectivity using model stress tests
Amelie Herzog, Jost Hellwig, and Kerstin Stahl
Faculty of Environment and Natural Resources, University of Freiburg, Freiburg, Germany

Correspondence: Amelie Herzog (amelie.h@posteo.de)

Received: 16 October 2023 – Discussion started: 18 October 2023
Revised: 12 May 2024 – Accepted: 3 July 2024 – Published: 6 September 2024

Abstract. Human influences threaten environmental flows
directly or indirectly through groundwater abstraction. In al-
luvial geological settings, these may affect the contributions
from groundwater-sustaining streamflow during dry sum-
mer months. The Dreisam River valley in southwest Ger-
many represents a typical case where recurrent hydrologi-
cal drought events between 2015 and 2022 have led to in-
terruptions of longitudinal connectivity in the stream net-
work. When and where vertical connectivity changes and
where the streambed dries out have therefore become im-
portant questions. To help answer them, zero water level
(ZWL) occurrences were previously measured at 20 loca-
tions in the river network during the drought of 2020, but
they revealed high variability. This study therefore aimed to
develop a methodology that allows the connectivity to be as-
sessed along the entire stream network, i.e. by employing
a numerical groundwater model to obtain the spatial distri-
bution of the exchange flow between groundwater and sur-
face water along the river. A reference model simulation
for the period 2010–2022 assumed near-natural conditions.
Stress test scenario model runs then imposed either an al-
tered recharge regime or a set of introduced groundwater
abstraction wells or both. To gain confidence in the model,
ZWL patterns are compared to observations of dry riverbed
locations in 2020, and the model generally reproduces the
observed relative drying. Modelled exchange flows of the
stress tests were then compared against the reference sim-
ulation. A set of specific metrics combining longitudinal and
vertical connectivity is introduced for this task. The results
of the stress test model runs show stronger changes of ver-
tical connectivity in response to groundwater (GW) abstrac-
tion than to the imposed recharge stress. Reaches are identi-
fied where the effects of the stresses are particularly strong.

Nevertheless, these results have to be interpreted within the
limits of model realism and uncertainty. For more model re-
alism, a number of improvements will be needed such as a
higher-resolution parametrization of the riverbed’s hydraulic
conductivities and better coupling to contributions from hill-
slopes; for a quantification of the uncertainties, a systematic
sensitivity analysis would be required. The study introduces
a framework for modelling stress tests and metrics for sur-
face water–groundwater interaction that can be transferred to
other cases. It also suggests that even if not all influences can
be modelled, the approach may help inform a resilient man-
agement of water resources under multiple stresses.

1 Introduction

Expansion and contraction of non-perennial streams cause
variations of hydrologic connectivity in space and time in
three dimensions: longitudinal (upstream–downstream), ver-
tical (surface–subsurface) and lateral (channel–floodplain)
(Datry et al., 2017; Allen et al., 2020; Godsey and Kirch-
ner, 2014; Freeman et al., 2007). The degree of hydrologic
connectivity and the direction of the exchange flow control
streamflow intermittency and magnitude during dry spells,
solute and contaminant transport, and associated nutrient and
carbon cycling and consequently also affect water quality
and the lotic ecosystem processes (i.e. aquatic biota) (Datry
et al., 2017; Costigan et al., 2016; Pringle, 2001). When flow
ceases, hydrological connectivity is interrupted, and physi-
cal, chemical and biological processes are modified. Notable
changes in the frequency and duration of such disruptions
of hydrologic connectivity may lead to cascading changes
in aquatic ecology. Fluctuations of hydrologic connectivity
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are particularly severe in non-perennial river systems, where
the characterization of spatial and temporal patterns of hy-
drologic connectivity is important knowledge for water re-
sources management as well as ecosystem conservation suc-
cess.

While regular or irregular connectivity alternations are the
rule in non-perennial streams, it is often challenging to disen-
tangle whether these occur naturally or whether they are due
to anthropogenic influences. Water withdrawals from surface
water and groundwater are a major cause of hydrological al-
terations, such as lower flow volumes and prolongation of
dry spells in rivers (Yildirim and Aksoy, 2022; AghaKouchak
et al., 2021; Goodrich et al., 2018; Datry et al., 2017; Tijde-
man et al., 2018). As water withdrawals create fluctuations
of the groundwater level and the water stage in streams, they
modify vertical connectivity and affect gaining or losing con-
ditions along a stream. These groundwater–surface water in-
teractions may alternate seasonally, depending on the hydro-
logical regime and the hydrogeological setting. Particularly
in snow-dominated systems, vertical connectivity becomes
more relevant in the summer season, as bank storage is less
important (Huntington and Niswonger, 2012). In order to un-
derstand if flow alterations in dry phases are exacerbated in
response to water withdrawals, it is crucial to investigate the
relationship of longitudinal and vertical connectivity.

Many studies have focused on one of the three dimensions
of hydrologic connectivity, while fewer studies link the dif-
ferent dimensions of connectivity (Zimmer and McGlynn,
2018). Lateral connectivity studies mostly focus on hillslope
connectivity (Zuecco et al., 2019; Blume and van Meerveld,
2015; Rinderer et al., 2019; Jencso et al., 2009) or connectiv-
ity of hillslopes to floodplains (Xu et al., 2020; Czuba et al.,
2019; Gallardo et al., 2014). Recent studies on non-perennial
river systems have predominantly analysed longitudinal con-
nectivity in order to describe flow characteristics (magnitude,
frequency, duration) for a characterization of flow regime or
to describe the spatio-temporal extent of non-perennial river
systems (based on active drainage area, for example) (Price
et al., 2021; Hammond et al., 2021; Belemtougri et al., 2021;
Botter et al., 2021; Botter and Durighetto, 2020). This one-
dimensional perspective with a focus on longitudinal con-
nectivity has also been adopted to investigate whether an-
thropogenic activities cause hydrological alterations, for ex-
ample, expressed as “streamflow signatures” for regulated
catchments and reservoirs (Salwey et al., 2023; Ruhi et al.,
2022; Ferrazzi and Botter, 2019). Statistical models have
been used (Jensen et al., 2018) to describe flow dynamics in
non-perennial stream reaches, but those models do not con-
sider the physical processes underlying hydrologic connec-
tivity.

Due to a lack of hydrometric data on non-perennial
streams at necessary spatial resolution and over longer time
periods, another prevalent research goal is the collection of
streamflow and water level data at different scales, for ex-
ample, using field surveys (Zimmer and McGlynn, 2017),

citizen science (Etter et al., 2020; Strobl et al., 2020) and
new methods to measure dry phases in non-perennial streams
(Herzog et al., 2022; Zanetti et al., 2022; Assendelft and van
Meerveld, 2019; Jaeger and Olden, 2012).

But without the necessary data, linking the different
dimensions of hydrologic connectivity remains difficult
(Meerveld et al., 2020).

Specifically for an analysis of vertical connectivity, not
only are hydrometric data of the surface water (SW) sys-
tem required but also data for the groundwater (GW) sys-
tem. Joint approaches considering GW and SW data are usu-
ally restricted by a low spatial data availability of GW heads
but also by lacking measurements of transmission losses or
GW–SW interaction itself, which are difficult and only pos-
sible at particular locations along the stream. Measurement
approaches for the quantification of GW–SW interaction are
often based on tracers, for example, heat (Angermann et al.,
2012; Fleckenstein et al., 2010) or isotopes (Bertrand et al.,
2014; Kalbus et al., 2006), which can be used to derive in-
formation on flow paths and residence times on very short
timescales and small spatial scales only. To date, there is no
reliable method for an upscaling of GW data to large scales
(Foster and Maxwell, 2018; Barthel and Banzhaf, 2016).
Therefore, few data-driven studies on the spatio-temporal
evolution of vertical connectivity of non-perennial river sys-
tems are documented. Despite acknowledging the relevance
of the GW storage term in the water balance (particularly
in alluvial aquifers where GW leakage is important) and the
retroactive effects between headwater and lower catchment
areas caused by GW leakage (Fan, 2019; Käser and Hun-
keler, 2016; Covino and McGlynn, 2007), knowledge on the
relative roles of the controls of GW–SW interactions remains
restricted to few locations.

Given the lack of data, integrated models (IMs) to date
have an important alternative role in the investigation of GW–
SW dynamics at the catchment scale, even though the possi-
bility for calibration and validation of the simulated GW–SW
interaction itself is limited as a result of missing data and re-
quired numerical effort (Barthel and Banzhaf, 2016). Uncer-
tainties due to the influence of model resolution on model
parameters and the complexity of the parametrization are of-
ten discussed as limitations (Foster et al., 2020). IMs have
been successfully deployed to obtain a better understanding
of the control factors of GW–SW interactions, for example,
by means of sensitivity analysis in order to investigate the
influence of specific parameters on model results (Herzog
et al., 2021a; Foster and Maxwell, 2018) or hypothetical ex-
periments to understand interaction of GW, SW and vegeta-
tion (Schilling et al., 2021). However, such experiments are
computationally expensive. If obtaining a best-fit model is
not the primary aim and interest is more in general responses
to changed conditions, targeted stress test model experiments
may be a suitable alternative, for example, to assess the
response of groundwater drought and baseflow to changed
antecedent recharge conditions (Hellwig et al., 2021). Stress
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test modelling has traditionally been used for management
purposes to test the resilience of a system against specific
stresses or even worst-case scenarios and has recently been
used in applied research in combination with sensitivity anal-
ysis. Most of these studies inquire about the effect of dif-
ferent climatic conditions (Hellwig et al., 2021; Stoelzle
et al., 2014, 2020), while anthropogenic influences might be
equally important in magnitude and relevant for management
purposes.

In this study, we develop a modelling framework and spe-
cific assessment metrics to examine specifically the alteration
of (simulated) longitudinal and vertical connectivity along a
stream in response to stresses. These stresses are formalized
as a set of model stress test scenarios that employ changes
to climatically driven groundwater recharge and to ground-
water abstraction and the combination of both. In addition,
the aim of the study is to reassess findings from available ob-
servations of zero water level (ZWL) for a particularly dry
year (Herzog et al., 2022). In this study the longitudinal con-
nectivity was found to be highly variable with upstream to
downstream drying in some and the reverse or more com-
plex patterns in other tributaries, but finding clear patterns
was hampered by observations at few locations in the stream
network. Modelling the entire stream network may enable
further insight into spatial and temporal drying patterns, and
the observations may help assess the model’s ability to sim-
ulate stress responses. To analyse the response of the model
stress tests to the SW–GW interaction, we introduce metrics
that describe the relationship of vertical SW–GW interaction
(leakage in modelling terminology) and longitudinal (ZWL)
connectivity following general ideas form the hydrological
alteration (HA) approach (Poff et al., 2010). We test this
stress test approach in a mesoscale catchment in southern
Germany, where discussions over streamflow and ground-
water uses have emerged during recent dry years with re-
duced groundwater recharge. In this typical case of an al-
luvial valley aquifer and locally important river, approaches
were needed to inform the debate with multiple water users.
The design of the model experiments and stress tests is cho-
sen in order to answer local and more general research ques-
tions:

– Do the model experiments confirm the observed rela-
tive patterns and spatial distribution of longitudinal and
vertical connectivity in the case study area?

– How strong are the responses of connectivity to im-
posed stresses from recharge deficits and GW with-
drawals during a dry summer?

– Can specific metrics distinguish different patterns of
longitudinal and vertical connectivity and their re-
sponses to those stresses?

2 Methods

2.1 Study area and data availability

The study area is the Dreisam valley (25 km2), a sub-
catchment of the Dreisam catchment in the federal state
of Baden-Württemberg in southern Germany (577 km2;
Fig. 1a). All tributaries have their sources in the Black Forest
Mountains and converge in the Dreisam valley, which there-
fore has gentle slopes in the centre and increasing slopes and
altitudes towards the catchment boundaries (Herzog et al.,
2022). The geology is characterized by crystalline base-
ment overlain by thick alluvial deposits. The uppermost al-
luvial materials belong to the so-called Neuenburg forma-
tion, younger Quaternary gravels with high hydraulic con-
ductivity (3.2 md−1). This alluvial filling reaches up to 25–
40 m depth in the northern part, whereas it decreases to-
wards the southern part of the study area and contains the
main aquifer (Wirsing and Luz, 2007). Older Quaternary
sediments with smaller grain sizes below this layer are less
transmissive. Previous studies on runoff generation processes
suggest that groundwater exfiltration into streams (i.e. “base-
flow”) is one of the main runoff processes contributing to
streamflow during dry phases in the Dreisam valley (Ott and
Uhlenbrook, 2004). However, the degree of the connectivity
between groundwater and surface water varies and is difficult
to quantify longitudinally.

The aquifer provides about 9× 106 m3 yr−1 and half of
the drinking water supply of the city of Freiburg im Breis-
gau. Withdrawals and GW levels are monitored, and data
were provided for the period 2014–2022 by the largest re-
gional water supplier (eight locations; see Fig. 1a). Other
withdrawals were not available and could not be considered
in the model experiment. Based on available public informa-
tion, however, it is estimated that these withdrawals for wa-
ter supply account for > 95 % of the total withdrawals in the
study area.

Streamflow is monitored by a governmental gauging sta-
tion at Freiburg-Ebnet, where the valley narrows just up-
stream of the city of Freiburg. In addition, for the network
of surface water tributaries and the main river, a dataset was
available containing observed stream stages and ZWL for the
summer of 2020, measured at 20 locations in the study area
(Herzog et al., 2022). Streamflow measurement campaigns in
2 years with contrasting climatic conditions, i.e. 2020 (dry)
and 2021 (wet), were used to develop rating curves for the
calculation of streamflow at these ZWL monitoring loca-
tions (Herzog and Stahl, 2024). The letters in the station-
IDs shown in the figure refer to the different tributaries,
i.e. Dreisam (D), Eschbach (E), Rotbach (RO), Wagensteig-
bach (W), Ibenbach (IB), Reichenbach (RE), Brugga (B),
Krummbach (K) and Zastlerbach (Z), of which only those
with ZWL in 2020 were used in this study.
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Figure 1. (a) The Dreisam valley with the locations of the gauging stations from Herzog et al. (2022) and the locations of the wells.
(b) RoGeR simulation output provides recharge and runoff input to the GW model grid and parametrized river reaches. (c) MODFLOW
parametrization based on topography and hydrogeological data. Connections represented as dashed lines denote input that was modified in
the stress tests, and bidirectional arrows indicate online coupling.

2.2 The model concept

To represent both the surface and the subsurface sys-
tem, we used a combination of the hydrological model
RoGeR (Runoff Generation Research Model) (Steinbrich
et al., 2021, 2016) and the GW model MODFLOW 6
(Langevin et al., 2017) with surface water routing (SFR
package) (Fig. 1). RoGeR is an advanced rainfall–runoff
model, which calculates runoff components (interflow, over-
land runoff, percolation) for unit areas of similar climatic,
topographic and pedological properties (version RoGeR WB
1D). MODFLOW 6 solves the three-dimensional, transient
GW flow equation (Darcy’s law and continuity equation) for
the simulation of GW heads. RoGeR and MODFLOW are
coupled offline; i.e. the different runoff components mod-
elled by RoGeR are used as input for MODFLOW’s stress
packages RCH (percolation) and SFR (fast runoff). MOD-
FLOW uses a (block-centred) control-volume-based finite-
difference method in order to give an (iterative) approxi-
mation of the analytical solution of the partial differential
equation. For unconfined conditions (as we assume in this
model approach), the transmissivity of a grid cell varies
based on saturated thickness of the cell. Detailed information
on MODFLOW’s modelling approach, as well as the differ-
ent packages, is given in Langevin et al. (2017).

The model domain not only covers the Dreisam valley
upstream of Freiburg but also the entire Dreisam catch-
ment and the neighbouring catchment Möhlin-Neumagen

(708.09 km2), with a river network length of 833 km, and the
spatial resolution of the GW model is 100× 100 m (Fig. 1c).
For the model setup, spatially distributed parameters about
the surface and subsurface are required. Elevation data were
obtained from a 30 m DEM. Four model layers are used in
MODFLOW. They were based on subsurface information
from gridded data of aquifer thickness, hydraulic conduc-
tivity and storativity for each layer of alluvial valley fill ac-
cording to Wirsing and Luz (2007). The empirical equation
of Marotz allows us to determine specific yield as a func-
tion of hydraulic conductivity (Fuchs et al., 2017; Marotz,
1968). Time-variable and spatially distributed input to the
GW model is then transferred from the RoGeR simula-
tion output and used at daily resolution for the time period
of 2009–2022. RoGeR’s percolation component, which can
also become negative in the case of capillary rise, there-
fore corresponds to the recharge in MODFLOW. The sum
of RoGeR’s interflow and overland runoff components cor-
responds to runoff directly contributing to streamflow. Addi-
tionally, transient GW withdrawals are added as groundwa-
ter extractions to MODFLOW by means of the WEL pack-
age. The regional water supplier provided the required daily
pumping rates.

In MODFLOW’s SFR package, river reaches are defined
as sections of streams in one model grid cell with several
parameters such as reach width, depth, slope, thickness, and
conductivity of streambed sediments (Langevin et al., 2017).
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These parameters were derived from topography data, river
network data and governmental hydrographic survey data.
The simulated GW head in one model grid cell is used to
calculate the exchange flow (or leakage) of all the streams
corresponding to this particular grid cell. The sign of leak-
age reflects the groundwater terminology with exfiltrating
conditions (negative leakage) describing gaining streams and
infiltrating conditions (positive leakage) describing losing
streams. The leakage between the aquifer and the riverbed
depends on the simulated hydraulic gradient between sur-
face water and GW. For GW heads above the streambed,
the gradient is the difference of the stream stage and GW
head, whereas for GW heads below the streambed, leakage
becomes independent of the GW head, and the gradient is
solely the surface water stage above the streambed. Leakage
is then calculated as a product of hydraulic conductivity of
streambed sediments, the wetted streambed perimeter of the
reach and the hydraulic gradient divided by the thickness of
streambed sediments (Langevin et al., 2017).

Streamflow for each river reach is obtained based on the
principle of continuity, considering that source terms (inflow
from upstream reach, direct overland runoff and GW leak-
age to a reach) equal the sink terms (outflow to downstream
reach, diversions from another reach, leakage to the aquifer).
Based on this flow, the stream stage is calculated for every
reach using Manning’s equation. As leakage flow and the
overall water budget are dependent on the stream stage, they
cannot be directly calculated; the equations need to be solved
iteratively.

2.3 Reference simulation and stress test scenario
modelling

A reference simulation was needed as a benchmark to com-
pare the stress test simulation results against. Groundwater
recharge from the RoGeR model was available for the pe-
riod of 2009–2022, which was used as input for a transient
MODFLOW model run. A near-natural system scenario with
this input was chosen as the reference simulation (Fig. 2a)
that neglects all water uses in the study area. The case study
area has a long history of SW and GW use for a range of
purposes, and most of these are not quantitatively known.
Only the groundwater withdrawal rates from a main drinking
water supplier were available. Other infrastructures include
private and smaller groundwater wells, river abstractions for
small-scale irrigation, weirs and small-scale hydropower, and
trained and stabilized sections of the river for erosion con-
trol. Therefore, the model cannot be calibrated or validated
to a known natural system state, and the assumption of a
natural system scenario is uncertain. Nevertheless this refer-
ence simulation can serve as a benchmark to analyse relative
changes in stream connectivity in response to specifically ap-
plied model stress tests.

As stress test scenarios, we defined stresses due to the im-
pact of climatic conditions, i.e. by applying altered recharge

conditions to the reference model (Fig. 2c and e, left side)
and by adding stresses due to the anthropogenic impact in
the form of known GW withdrawals (Fig. 2b, d and f, right
side) in the valley bottom near the main river. GW recharge
is the quantity of water percolating from the surface water
system into the GW system and is directly linked to both
hydro-meteorological conditions (precipitation and evapo-
transpiration) and soil properties (infiltration capacity and
runoff pathways). According to the RoGeR simulation, the
most “normal (average)” water year in terms of groundwater
recharge was the year 2012, the lowest annual GW recharge
was 2017 and the winter season with the lowest GW recharge
was 2019 (Figs. A6 and A7) (a water year starts in Novem-
ber with the summer season starting in May). Synthetic, grid-
ded recharge stress was generated from altering the order of
simulated recharge output of the RoGeR model (2009–2022)
to create two scenarios: one with changed recharge magni-
tude (Fig. 2c) and one with changed recharge seasonality
(Fig. 2e). Because the dry summer of 2020 was chosen as
the main year of analysis, the recharge stress tests focus on
changing the recharge conditions preceding 2020. The mag-
nitude scenario focuses on drought stress and therefore re-
placed the real recharge time series with alternating normal
years (2012) and drought years (2020). The seasonality sce-
nario expresses a system change with a tendency for win-
ters to be drier; to simulate this, the driest winter (2019) was
repeated again before the summer of 2020. Stress tests of
GW water withdrawals are based on real daily abstractions
for drinking water that were available for the time period of
2014–2022. The withdrawal stress was added to the reference
simulation (for simplicity called “well” scenario) as well as
to the magnitude (mag+wells) and seasonal (seas+wells)
recharge scenario simulations, allowing a comparison of the
system response to altered groundwater recharge, to GW ab-
stractions and to the combination of all stresses.

2.4 Assessment of SW–GW interaction: approach and
metrics

A direct validation of modelled SW–GW interaction is not
possible for a number of reasons. None of the model runs
includes all human influences on surface water and ground-
water in the valley as these have a long history, and quanti-
tative data are unavailable. Therefore there is no simulation
that would correspond exactly to the real conditions in the
field. Also, exchange rates along the stream cannot be mea-
sured continuously in the field. Model grid cells with 100 m
resolution will not resolve many smaller stream reach varia-
tions that might influence stages and zero flows measured at
certain points. Nevertheless, one aim was to test the useful-
ness of the experimental dataset that exists for the summer
of 2020 to build on the insight from a previous experimental
study. Therefore the approach is to compare relative patterns
and changes of longitudinal and vertical connectivity with
specifically developed metrics. For that we were guided by
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Figure 2. Concept showing all model experiments with the recharge scenarios representing climate stress in the left column, with (a) the
reference simulation with real recharge input from 2014–2020, (c) the magnitude stress and (e) the seasonality stress. Anthropogenic impact
is in the right column, with (b) expressing the reference with abstractions and (d) and (e) the combined stress of altered recharge and
abstractions. For climate impact, the annual mean recharge of the water year or the season is shown. For anthropogenic impact, the mean
annual GW withdrawal rates for the period at the wells are shown.

work on the hydrologic regime of non-perennial rivers (Ma-
gand et al., 2020; Costigan et al., 2016; Gallart et al., 2012).
From an ecohydrological perspective, three (hydrological)
aquatic phases (dry, standing, flowing) relate to five (ecolog-
ical) aquatic states (Meerveld et al., 2020; Datry et al., 2017;
Gallart et al., 2017, 2012). The available water level dataset
of Herzog et al. (2022) contains derived ZWL occurrences
and, thus, the dry phase. The occurrence of ZWL is therefore
an indicator for a loss of longitudinal connectivity. Indicators
for vertical connectivity are the direction and amount of GW–
SW exchange flow (“leakage” in MODFLOW terminology).

Some data prepossessing along with the selection of suit-
able locations out of the available 20 observational records
was necessary to derive ZWL and leakage indicators. For this
study, the raw dataset of observed ZWL occurrences (15 min
resolution) was converted to ZWL days, respecting a max-
imum duration (< 24 h) between two ZWL occurrences. In
the simulations, negative outliers of simulated stream stages
may occur for simulated GW heads far below the surface. We
first determined a range of possible zero water level thresh-
olds T for each observational location x within the sum of
minimum water level and 5 % (or 1 % depending on the vari-
ability) of the mean and the 90 % quantile (Eq. 1) of water
levels h at this station.

min(h)+ 0.05 ·

(
1
n

n∑
i=i

hi

)
≤ Tx ≤Q90 (1)

We then chose the threshold with the smallest difference in
the total number of observed and simulated ZWL days. For

the locations where ZWL days calibrated this way are com-
parable with the observations, we assume that the drying
phases are well represented by the model and select this sub-
set of “trusted” locations for further metrics and comparisons
among the different model runs. The direction (and quantity)
of the modelled vertical connectivity of a stream reach can
change with time depending on the flow conditions in the
stream and the GW head. We assume that the connection be-
tween GW and the streambed is lost at first when GW leak-
age changes to zero. Thus, we extracted direction changes to
zero leakage and compare simulated zero leakage and the
measured ZWL days. As for ZWL, the definition of zero
leakage also requires the use of a location-specific thresh-
old Tleak. We define Tleak as 10 % of the maximum leakage
simulated at each location.

In order to analyse the effect of the imposed model
stresses, we developed questions regarding vertical connec-
tivity (leakage) and longitudinal connectivity (ZWL). These
questions relate to the duration, timing and frequency of the
different phases of vertical and longitudinal connectivity (Ta-
ble 1). For each set of questions, we developed a correspond-
ing metric that allows a quantitative comparison between the
model and observations, between reference and stress tests,
and among the different stress tests.
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Table 1. Metrics for the assessment of connectivity and their underlying questions.

Characteristic ZWL day variable Leakage variable Metric combined Question

Duration tzwl: longest duration of
ZWL days

t0leak: longest duration
of zero leakage days

δt =
(t0leak−tzwl)

365 How different is the
duration of the longest
ZWL period and the
longest period with
zero leakage?

Timing t0: time of the first
ZWL occurrence

tch: time of the change
to zero leakage prior to
t0

1t = t0− tch Is there a delay of the first ZWL
after leakage has ceased, and
how long is it?

Frequency N0d and N0w: mean
duration of ZWL events
for the drying (d) phase
and rewetting (w) phase

N0ld and N0lw mean
duration of zero leak-
age for the two phases

ω =
(N0ld,w−N0d,w)

Dd,w
Dd,w: number of days
in each phase

How long are periods of ZWL
and no leakage during phases of
drying and rewetting?

3 Results

3.1 At-site comparison of zero water levels

ZWL occurrences were measured at 20 locations in the study
area (Herzog et al., 2022). Table 2 shows the ZWL for the
well simulation (reference+withdrawals) derived with the
help of calibrating the thresholds T . For about 50 % of the lo-
cations (E4, W4, RO2A, E6, E8, E2), agreement is good, but
for the rest of the locations, differences in ZWL percentage
are greater than 15 %. In general, the simulated percentage
of ZWL days is higher than for the observations, in partic-
ular for locations further upstream, as indicated by the dis-
tances from the main gauging station at the downstream out-
let of the Dreisam catchment. An exception is the locations
E2 and E6. A comparison of mean simulated water levels
against observed water levels indicates a general underes-
timation of water levels in the model despite more hetero-
geneity in the derived streamflow and an overestimation of
mean GW levels (Figs. A2, A1). This disparate bias suggests
that the underestimation of water levels is likely due to the
streambed parametrization. While the well model simulation
should be closest to today’s real situation as explained before,
it only contains the most important abstractions in the valley.
Regarding general relative patterns of ZWL along particular
tributaries with three observation locations, the model runs
confirm the successively increasing percentage of ZWL from
upstream to downstream areas for locations along the Es-
chbach (E), while the more complex decreasing–increasing–
decreasing pattern in the Wagensteigbach is simulated as a
consistent decrease. Nevertheless, the two different overall
directions are captured by the model run.

3.2 Stress test effects on GW leakage

3.2.1 Spatial distribution of GW leakage in the study
area during different GW conditions

The spatial distribution of leakage flow (L) differs for the
driest GW conditions (days with highest mean depth to GW)
and the wettest GW conditions (days with lowest, simulated
mean depth to GW) in the simulation period (Fig. 3). For
dry GW conditions the leakage approaches zero, especially
in the northern part of the catchment (E tributary) (Fig. 3a
and b). In general, the depth to GW is lower in the north-
eastern part of the catchment. Strong topographic gradients
towards the edge of the valley lead to strong hydraulic gra-
dients, which are problematic to represent as an average for
one grid cell, and therefore the depth to GW is less reliable in
these areas (Fig. A3). Including the abstraction wells in the
simulation leads to stronger decrease in leakage in the down-
stream part of the E tributary (for all stress tests with wells).
The recharge scenarios affect the timing of GW drought.
The dry GW conditions occur earlier in summer and wet
GW conditions earlier in January (at least for the magnitude
recharge scenario), but the leakage pattern itself for dry con-
ditions and wet conditions does not differ significantly from
reference/near-natural conditions (only if wells are included
additionally). For wet GW conditions, the river system is en-
tirely connected to the GW system in the study area as there
is almost no place with zero leakage.

The difference in mean leakage (1L) of the reference con-
ditions versus stress test conditions shows that the main dif-
ferences in the downstream part of the catchment are caused
by the implementation of wells in the simulation (Fig. 3c).
Concerning the magnitude and seasonality recharge scenar-
ios, the 1L is slightly higher (leakage in the natural system
is greater) in the upper part of the E tributary and in the
downstream part of the eastern tributaries (towards W and
R tributaries). As in Fig. 3a, the effect of wells and modi-
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Table 2. Derived ZWL day percentages observed and modelled for the study period for two simulations (ordered from upstream to down-
stream by distance to catchment outlet gauging station, with bold numbers indicating the best correspondence with percentage differences
< 15% )

Location Twells Observed ZWL Simulated ZWL Location from
(%) (%) by well catchment outlet

scenario (km)

E8 0.0 74 81 0.5
D3 5.3 15 38 1.5
E6 0.0 43 31 1.7
RE1 0.9 3 28 1.9
E4 0.0 24 29 3.0
D2 3.8 8 36 3.7
W4 5.3 31 36 5.3
E2 −0.2 13 1 5.4
RO2A 0.7 55 57 6.2
IB2 1.4 7 47 8.4
W3 5.0 7 51 8.7
W2 5.8 19 63 10.4
IB1 0.2 13 58 12.1

fied recharge adds up when both are combined in one stress
test. The standard deviation of leakage is highest along the
E river, indicating that the variability of leakage is particu-
larly high along this tributary (Fig. 3d). Standard deviation
is particularly low at the W and SW borders, where slopes
are increasing. However, the abrupt change of the simulated
GW head (Fig. A3) suggests that the simulated leakage is
highly uncertain here. Nevertheless, the results give a general
overview of where in the study area leakage variability and
dynamics are particularly strong and more specifically how
these changes in leakage are related to physiographic charac-
teristics (such as slopes, topography or whether the location
is situated upstream or downstream).

3.2.2 Longitudinal variation of leakage flows

As leakage quantities cannot be validated but depend on sim-
ulated stream stage/streamflow, we analyse the longitudinal
variation of GW leakage in detail for the different measure-
ment locations in the following. We divided leakage flow by
the simulated leakage flow area to obtain specific leakage.
For better visualization and comparison, we normalized the
leakage flow of 2020, setting the minimum to zero. Minima
for the reference simulation and the well scenario are close.
Quantities of leakage show strong variations in a longitudinal
direction along the riverbed (Fig. 4) and a tendency for de-
creasing leakage variation with distance from the outlet (IB2,
W3, W2, Za1). This pattern however has to be interpreted
with caution, particularly due to the overestimation of ZWL
days at the stations located far from the outlet. Characteris-
tic of most locations in the main Dreisam river (D3, D2, D1)
are losing conditions (from a river perspective). Even though
the main gauging station near the outlet (PE) is also located
in the main river, it shows gaining conditions. Gaining con-

ditions are otherwise primarily found along the E tributary
(E8, E4, E2), except for E6 in the reference simulation. At
most locations, there is no profound difference between the
reference and the well stress test. The most obvious excep-
tions are locations in the downstream E tributary (E6, E8 and
E4) as well as D3 in the D river.

3.2.3 Comparison of leakage direction changes

In order to understand which stream reaches experience
changes from gaining conditions to no connection or losing
conditions, we first evaluate the temporal evolution of direc-
tion changes at the specific locations for the different stress
tests. Three different GW leakage conditions may occur: zero
leakage, meaning that there is no exchange between the river
and the aquifer; positive leakage (from the perspective of the
GW body), meaning that the river experiences losing con-
ditions; and negative leakage, meaning that the river experi-
ences gaining conditions. For normalized leakage, we define
zero leakage within a range of [1− Tleak,1+ Tleak], where
Tleak is the location-specific threshold (as illustrated by the
dashed lines in Fig. 4). For the following analysis, we make a
choice of locations based on the occurrence of leakage direc-
tion changes first. Note, however, that there are differences
in how well ZWL days have been simulated at these loca-
tions (Table 2). The characteristics of the temporal evolution
of zero leakage and ZWL days form the metrics as described
in Sect. 2.4 (Fig. 5). While E8, E4 and E2 experience only
direction changes from gaining conditions to zero exchange,
E6 experiences direction changes from losing conditions (for
natural conditions) to mostly zero exchange (Fig. A5). How-
ever, E6 stands out because it is the location closest to the
well with the highest abstraction rates, and the flow direction
changes differ strongly between stress tests with and without
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Figure 3. Spatial distribution of leakage in the reference simulation and all stress test simulations, showing (a) wet conditions of mean
maximum depth to GW, (b) dry conditions with minimum depth to GW, (c) the relative difference between the stress test simulation and
reference simulation, and (d) the relative standard deviation of leakage.

Figure 4. Distribution of normalized specific leakages for the reference scenario and the well scenario for all gauging station locations in
2020. From left to right, the distance from the catchment outlet (station PE) is increasing. Values below 1 (above 1) indicate that the water
flow is directed towards the river (the aquifer). Note that thresholds are location-specific, as described in Sect. 2.4.

wells. As already noted, the upstream stations along the E
tributary experience fewer ZWL days than downstream loca-
tions.

3.3 The relationship of vertical and longitudinal
connectivity

For the duration metric δt , values above 0 (below 0) indicate
that the duration of the longest zero leakage event t0leak is

greater (smaller) than the duration of the longest zero water
level event tzwl. Mostly, t0leak is greater than tzwl (Fig. 6a).
For stress tests without wells, the ratio is closer to 0 for E6
and W2. For E8, no zero leakage was simulated in these
scenarios. In all stress tests with wells, δt increases, with
zero leakage becoming more important at E8 and E6. At E4,
δt is more heterogeneous and less influenced by well with-
drawals but without a clear response to recharge scenarios
either. However, at E2, δt does not vary significantly among
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Figure 5. An example of leakage direction changes from gaining
conditions (−1) to zero leakage (0) and ZWL days for the well sce-
nario at the measurement locations along the E tributary.

scenarios. E2 is also the last station towards the upstream end
of the tributary. At IB1, no difference is observed in compar-
ison to the stress tests without wells. δt at W2 and RO2A is
more responsive to the recharge stress tests as zero leakage
does not occur at these locations in the reference simulation.

The frequency metric ω only differs slightly for the reces-
sion and rewetting phases (Fig. 6b and d). For stress tests
without wells, almost no zero leakage occurs during the re-
cession and rewetting phase. Thus, it should be noted that the
observations do not show ZWL days in the recession phase
for some locations. However, at locations such as E8 and E6,
where ZWL days occur in the recession phase (Fig. 5), zero
leakage already occurs much earlier, and, thus, no ω can be
defined. Nevertheless, some differences can be analysed. At
E6, ω has the same magnitude for the rewetting and recession
phase. At E8, ω is significantly lower, with wells included
for the rewetting phase in comparison to the recession phase
pointing towards a stronger importance of ZWL days in this
phase (as leakage might switch back to gaining conditions
earlier). However, the other stress tests with wells show a
higher ω during rewetting than during recession. The tim-
ing metric, i.e. time delay between first zero leakage and first
ZWL day, provides further information about whether ZWL
occurs directly in response to zero leakage or not (Fig. 6c).
For scenarios without wells, no zero leakage occurred before
ZWL in 2020 at all stations except E4 and IB1 in the refer-
ence simulation, with1t being particularly high at IB1. Zero
leakage occurs before ZWL at RO2A in the reference and
well simulations. In the scenarios with wells, 1t increases
for almost all stations (excluding W2). The presence of wells
therefore seems to result in a time shift of zero leakage ap-
pearing earlier than in the reference simulation and also ear-

lier than ZWL. Interestingly, 1t does not change at E4 for
all the stress tests with wells, but it increases for the recharge
stress tests. The latter points towards zero leakage occurring
earlier under dry recharge conditions. As for δt ,1t at RO2A
is only changed by recharge stress tests, but the magnitude of
1t does not change. At W2 no result is found for1t as there
is rarely any zero leakage (Fig. A5).

4 Discussion

4.1 Model evaluation and uncertainties

The application of the complex distributed groundwater
model in this study comes with some substantial sources
of uncertainty. The model has multiple parameters and pro-
cesses implemented that can influence the same hydrological
variables. Hence, equifinality prevents finding a single “re-
alistic” parametrization. Observational data used for model
evaluation are only partially comparable to model output.
While data on groundwater heads or surface water levels are
point measurements, model outputs integrate flows and pro-
cesses for the area of the model grid cell. Particularly for
high model resolutions and or strong (hydraulic) gradients in
one model cell, “correct” model outputs can differ substan-
tially from “correct” observational data taken in the area of
that cell. Finally, none of the simulations incorporates all hu-
man influences in the stream network and in the groundwa-
ter, as noted earlier. As often for complex models such as the
model used in this study, computation time hampers an au-
tomated formal calibration. Similarly, a sensitivity analysis
that might address the parameter uncertainty, ideally based
on the full parameter space, so far has not been possible,
in part also because if invested, it would also have to in-
clude online coupling between the recharge model RoGeR
and the MODFLOW model, which again demands resources.
Reduced model run times are the main advantage of offline-
coupled models (Condon et al., 2021).

As a result of the limitations, differences between ob-
served and simulated ZWL days are substantial at some lo-
cations. These differences reflect the simplifications made
by the models. Most important to name are the conversion
of GW heads from the scale of a grid cell to a river reach
unit and the uncertainties in riverbed parametrization. Other
studies have illustrated and discussed such difficulties be-
fore. Brunner et al. (2010) showed that coarse resolutions of
the MODFLOW GW model can lead to underestimation of
infiltration in losing streams, which results in a lower GW
head and thus also influences streamflow results. Increasing
model resolution may reduce this problem (Mehl and Hill,
2010). Strong topographic gradients and coarse resolution
do not only impact GW heads but also result in distortion
of hydrogeologic properties (Foster et al., 2020; Fleckenstein
et al., 2006). This might affect simulated hillslope contribu-
tions, which this study did not focus on in great detail. Hill-
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Figure 6. Results of connectivity metrics for the different stress tests at all measurement locations with zero leakage and ZWL days, with
(a) duration, (b) frequency during recession phase, (c) timing and (d) frequency during rewetting phase. Dashed lines denote where zero
leakage and ZWL days are equally important. For details of the metrics, see Table 1, and for stress test details, see Fig. 2.

slope contributions that are not correctly represented might
explain the poorly modelled ZWL at some of the upstream
locations (for example IB1). Additional observations on hill-
slope connectivity would be necessary to identify where the
model misses such inflows into the main tributaries from the
headwaters or the hillslopes. In general, future studies may
need to assess the influence of spatial resolution on modelled
water levels and streamflow (e.g. by decreasing the GW grid
cell size) in order to use this model for a quantification of
surface water availability. Also, the riverbed parametrization
depends on the available raster data, and human structures
such as weirs and bridges have not been considered in the
parametrization, which may lead to individual affected lo-
cations not being represented well. Overall, the spatial dis-
cretization of stream reaches likely does not represent the
small-scale heterogeneity of streambed. In order to estimate
which streambed parameter has the largest influence on the
model results, a targeted sensitivity analysis might be help-
ful. Another option to reduce parametrization errors would
be to calibrate hydrodynamic parameters based on hydro-
dynamic models (Quan et al., 2020) or conceptual models
(Meert et al., 2018; Vermuyten et al., 2018) instead of re-
lying on available gridded data. Such additions to the mod-
elling concept were beyond the scope of this study but may
present useful extensions in future work.

Model outputs need to be interpreted accordingly, i.e. with
these limitations in mind. Simulations at specific locations
can be used for relative comparisons but should not directly
be compared to real-world observations similar to a valida-
tion. The first research question addressed to what degree the
model setup would be able to simulate the dynamics or pat-
terns of connectivity and consequentially the riverbed drying

in the Dreisam and its tributaries. The question was raised
by the experimental zero level data from the dry summer of
2020 that had revealed a high variability in longitudinal con-
nectivity (Herzog et al., 2022). Overall, the model did sim-
ulate ZWL days well for locations in the valley bottom, and
it distinguished between upstream to downstream increase or
decrease in ZWL days in different tributaries. An analysis of
longitudinal and vertical connectivity based on the model re-
sults allowed us to distinguish between predominantly gain-
ing and losing stream reaches in general to explain these pat-
terns. With the application of stress tests, as is done in this
study, the more general and relative system response could
be analysed as it is more robust than absolute numeric out-
puts.

4.2 Response of groundwater–surface water
interactions to stress tests

The second research question addressed the response and
changes of modelled connectivities in response to the applied
stress test scenarios. Despite the uncertainties with respect
to simulated system, the model setup provided confidence
for the representation of the correct relative responses to
changed input or conditions. Following the findings of Hell-
wig et al. (2021), who found that baseflow reacts on shorter
timescales to intensified drought events (especially in fast re-
acting systems), one would have expected drier recharge pre-
conditions to modify leakage flow. In the stress test simula-
tions, recharge stress mimicking the exacerbation of climatic
situations did not respond very strongly, neither for dry nor
for wet GW conditions compared to the reference simulation
(Fig. 3). Leakage responses were highest for dry GW con-
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ditions and the stress tests with direct water abstractions –
although with variability among locations. Nevertheless, this
suggests that anthropogenic activities exert large influences
on GW–SW interaction on such short timescales that may
exceed climatic conditions. Locally, this concerns the occur-
rence of zero leakage in specific parts of the stream network.
Therefore, the critical distance to the wells should be further
investigated, for example, by means of using stream proxim-
ity criteria (Zipper et al., 2019; Li et al., 2022). In our simu-
lations, the well locations and depths were based on observa-
tions. However, synthetic stress tests with equally distributed
wells and different withdrawal rates could also be envisioned
to obtain a general understanding of the impact of water with-
drawals. This could help to answer practical questions, such
as where GW contributions may buffer the effects of well
withdrawals or for the definition of critical withdrawal rates.
Critical withdrawal rates could also be investigated, taking
seasonality of water withdrawals into account, for example
to compare stress tests with more and no water withdrawals
in summer.

The stronger impact of well withdrawals on vertical con-
nectivity in comparison to recharge stress may not be valid
for longer timescales as GW in particular is a slow-reacting
system (Cuthbert et al., 2019). One has to note also that we
designed the stress tests to account for current climatic trends
of dry recharge years and dry recharge winters to occur more
often and not for climatic extremes. We also did not eval-
uate the effect of longer durations (more than 2 years) of
dry recharge conditions, which have been shown to increase
the durations of streamflow droughts in rivers from catch-
ments with porous aquifers (Stoelzle et al., 2014). For the
two recharge stress scenarios (mag and seas), the interpreta-
tion of changes induced by the magnitude scenario is more
complex in comparison to the seasonality stress test because
the whole recharge sequence was modified.

By evaluating leakage only for the driest and the wettest
GW conditions in the study period, we obtain an overview on
how leakage differs in the extreme (GW) situation. While this
may be particularly relevant for water management, the un-
derstanding of how vertical connectivity evolves in response
to GW could be improved by an additional event-based anal-
ysis (e.g. looking at whole periods of relatively deep (or low)
GW heads) or an analysis of the temporal evolution of leak-
age during changing GW conditions. These synergies be-
tween connectivity changes and drought imply furthermore
that research on IRES and on drought should not be inde-
pendent, as elaborated, for example, by Yildirim and Aksoy
(2022).

While the influence of recharge stress tests on leakage
was low, they did have an impact on the timing of the oc-
currence of dry GW conditions. With dry winter precondi-
tions in 2020, the driest GW conditions occurred in late Au-
gust 2020, and with every second year being the driest mod-
elled recharge year between 2009 and 2020, driest GW con-
ditions occurred in late August 2017, as compared to late

August 2018 in the reference simulation. On an interannual
basis, GW heads were generally lowest at the end of sum-
mer, which is in agreement with trends found in other studies
based on climate scenarios (Dams et al., 2012). This shift of
dry GW conditions due to climatic stress could also lead to a
shift in timing of zero leakage in general. However, the tim-
ing of dry GW conditions could also be caused by the inter-
play of different hydrologic variables in specific years, lead-
ing to more or less resilience of the GW system to climatic
influences. Assessing this further was not the central interest
in this study that focused on 2020 due to the available obser-
vations. A broadened understanding on vertical connectivity
changes due to climatic stress can likely only be achieved
through a multi-year analysis of the effects of possible cli-
matic stress tests that are more severe.

4.3 Appraisal of connectivity metrics

The third research question addressed the use of metrics that
may help assess vertical and longitudinal connectivities – in
models or observations. The metrics as described in Table 1
allow a joint analysis of longitudinal and vertical connec-
tivity that, for example, confirms the impact of water with-
drawals in a specific part of the area as in Fig. 3, but they
also allow us to demarcate locations that are likely more re-
sponsive to climatic (recharge) impacts. The investigation of
δt shows that zero leakage persists for longer durations than
ZWL for almost all stations (except the ones experiencing
very little zero leakage), supporting that ZWL days do not
occur independently of zero leakage. δt , 1t and ω along the
downstream E tributary stations are influenced by the pres-
ence of wells. RO2A and IB1 are most influenced by climatic
preconditions, which was shown to have an impact on δt (in-
dicating that zero leakage appears) and 1t (only for RO2A)
but not on ω on the other hand. This different behaviour un-
derlines that the relationship of vertical and longitudinal con-
nectivity is very site-specific. W2 and IB1 are both relatively
far from the outlet, but IB2 is experiencing a lot and W2
very little zero leakage. These differences can only be ex-
pressed looking at multiple temporal characteristics, which
highlights the value of the use of such metrics. In this study,
zero leakage was mostly found at stations characterized by
predominantly gaining conditions (see also Fig. A5). The
findings of this study are therefore not necessarily valid for
the spatio-temporal relationship between vertical and longi-
tudinal connectivity in losing stream sections. Establishing
differences among losing and gaining streams in their con-
nectivity relationship therefore requires more research in dif-
ferent catchment contexts and with larger samples.

Additionally, one also has to be aware of the limits of the
metrics due to their definition. First of all, the metrics can
only be used for streams experiencing dry spells and zero
leakage. The metric for timing could not be calculated if zero
leakage does not occur in the same year (stations without
bars in Fig. 6c). Considering longer time spans, infinite or
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very large values would appear for location where the time
delay between changes in vertical connectivity and longitu-
dinal connectivity is large. But such large values are difficult
to display and imply that there is no link between vertical and
longitudinal connectivity changes anyway. Furthermore, the
frequency metric is difficult to assess when looking at 1 year
only. For a long-term analysis of the evolution of connectiv-
ity changes, the frequency metric would serve to compare the
recession and rewetting phase in different years. However,
this is problematic for analysing intraseasonal differences.
The definition of recession and rewetting phase depends on
available data (May–November 2020) and the same number
of days in each phase but could also be defined differently to
actually take into account that each station shows a different
drying and rewetting pattern, which does not always happen
at the same time during the year. A possibility to adjust the
frequency metric to intraseasonal timescales would be to ex-
tract the actual recession period at each station based on the
hydrograph.

In general, the focus of this study was on understanding
the spatio-temporal relationship of leakage flow and ZWL. It
could be expanded further, for example, to seasonality if the
focus was not only on the summer season. Further metrics
might also use leakage quantities (magnitude, rate of change)
if sufficient confidence exists in simulated leakage quantities.
An analysis of leakage flow quantities will also require more
work to obtain the best simulation result.

5 Conclusions

This study presents a model-based approach for assessing
the connectivity along the entire stream network and tested
metrics on combined longitudinal and vertical connectivity.
The Dreisam River valley in southwest Germany that the
approach was tested on represents a typical case where re-
current hydrological drought events between 2015 and 2022
have led to interruptions of longitudinal connectivity in the
stream network. Employing a numerical groundwater model
allowed us to confirm and fill in the knowledge gaps on
surface water–groundwater interaction along the river net-
work that had previously been based on a few observations
of zero flows. The evaluation of leakage flow for dry and
wet GW conditions identifies parts of the catchment where
the variability of GW–SW interaction is particularly strong
and where GW–SW interaction ceases during dry conditions.
This was found for all the model simulations. However, it has
to be kept in mind that “natural conditions” with no abstrac-
tions and an untrained river system have not existed in this
catchment for more than 50 years. Hence, the reference can-
not be validated, and the closest integration of human influ-
ences only considers a portion of them, i.e. those that are
available quantitatively. While confidence was obtained in
the model’s ability to simulate relative patterns, uncertainties
in modelled leakage flows are still high. In order to enhance

the soundness of such models, we suggest a broader sen-
sitivity analysis, which includes stress tests, parameter un-
certainty and model resolution as a follow-up to our work.
However, an analysis of metrics describing the relationship
of zero leakage and ZWL (duration, timing and frequency)
helped to disentangle the spatio-temporal relationship of zero
leakage and ZWL at specific locations. Combined analysis of
longitudinal and vertical connectivity is therefore a promis-
ing approach. To verify if such metrics are transferable to
other contexts, additional case studies in various hydrogeo-
logical settings as well as on different spatial scales will be
needed. A reference model simulation assumed near-natural
conditions. Stress test scenario model runs then imposed ei-
ther an altered recharge regime or a set of introduced ground-
water abstraction wells or both. The stress tests showed that
GW withdrawals affect leakage possibly more strongly than
the recharge stresses employed. In our study area, well with-
drawals influence the intraseasonal relationship of longitu-
dinal and vertical connectivity (duration, timing and fre-
quency) in a way that zero leakage becomes more dominant
and, thus, vertical connectivity decreases. Seasonality of the
drying may be different for other catchments, which calls for
additional studies considering different timescales, in partic-
ular seasonal but also annual drying dynamics. Future anal-
ysis should also focus on zero flow in addition to ZWL and
not only on zero leakage but on all types of leakage directions
and on multi-annual datasets. The magnitude of the decrease
in vertical connectivity is possibly influenced by the distance
to the wells, but in general, our analysis showed that connec-
tivity fluctuations increase and are exacerbated during the re-
cession and rewetting phase in a specific part of the stream
network. However, the combined analysis of vertical and lon-
gitudinal metrics reveals that the distance from the wells is
not the only factor leading to zero leakage. For some lo-
cations (particularly upstream ones), climatic preconditions
were the primary influencing factor. Overall, this shows the
potential of the stress tests to disentangle climatic and human
impact. Furthermore, the findings indicate that changes of
connectivity patterns in response to different types of stresses
might differ depending on the location (upstream or down-
stream). This could be a starting point for future analysis of
such connectivity differences between upstream and down-
stream locations. Apart from GW withdrawals, other human
activities, such as urbanization, soil sealing, land use changes
or water withdrawals due to irrigation, can also influence
recharge, groundwater heads, and interaction of groundwa-
ter and surface water. To assess other factors, model stress
test approaches, such as those presented in this study, can be
adapted accordingly in the future. For example, the MOD-
FLOW 6 drain package can also be used to implement agri-
cultural drains and other stresses, which potentially modify
the GW head. The study introduces a framework for mod-
elling stress tests and metrics for surface water–groundwater
interaction that can easily be transferred to similar studies.
The application also demonstrates that even if not all influ-
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ences can be modelled, such studies are useful locally to help
inform resilient management of water resources under mul-
tiple stresses.

Appendix A

Figure A1. The simulated and observed streamflow and water levels in summer 2020.

Figure A2. The simulated and observed GW heads in summer 2020.

Figure A3. The simulated depth to GW for wettest GW conditions and driest GW conditions in the study period.
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Figure A4. Simulated GW contour lines for the reference simulation for 14 July 2020.

Figure A5. The extracted, normalized direction changes in 2020.

Figure A6. Mean annual minimum and maximum recharge water years for the period between 2009 and 2020 (RoGeR simulations).
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Figure A7. Mean annual recharge for the winter season between
2010 and 2020 (RoGeR simulations).
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